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PREFACE. 



The circumstances which have led to the preparation of the 
following work may be briefly explained. The anther was 
extensively engaged for many years in the practical construction 
of Mill-gearing ; he found the existing rules for calculating the 
Power of Wheels and Shafts very unsatisfEM^tory ; and as to 
Riggers, the only known rules are of comparatively modem date, 
and are given in such a form as to be almost useless for practical 
purposes. Under these circumstances, he was led to search for 
Bules and to construct Tables for his own daily use, and he now 
gives the results to the world. It is, perhaps, necessary to say 
thus much, because the rules are for the most part novel, and 
it may be well to explain that they have not been adopted in 
pursuance of any fiAvourite theory, but are the result of the 
inflexible teachings of a long and varied experience. For the 
same reason, many examples are given of Wheels, Shafts, 
Eiggers, &0., in practice, that the reader may see how &r the 
rules agree therewith ; in fact about one-third of the Tables 
in the work are devoted to that special purpose. As many of 
the Bules were empirical, and did not admit of a theoretical 
demonstration, the only course open for proving their correct- 
ness, was by giving examples of successful application. 

Bath, Mareh^ 1869. 
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CHAPTEE I. 

ON THE STANDABD UNIT OP POWEB, &C. 

(1.) " Unit of Power" — ^The standard unit of power in this 
country is the "foot-pound," or the power necessary to raise 
1 lb. avoirdupois 1 foot high per minute ; but among practical 
engineers the unit most commonly used is the "horse-power," 
being the power necessary to raise 33000 lbs. 1 foot high per 
minute, or, in other words, 33000 foot-pounds per minute. 

This is James Watt's old standard, and its application appears 
very simple ; but certain allowances have to be made for the 
friction of the engine itself, and of the pumps or other machinery 
by which the work has to be done, and complications arise which 
have led to the use of such terms as "nominal horse-power," 
"indicated horse-power," "nett horse-power," "gross horse- 
power," &c., &c., which are very confusing, especially to non- 
professional men. We shall have to use principally the term 
"nominal horse-power" in this work ; and it may be well at the 
outset to explain what we understand by that term, and its rela- 
tion to the others we have named. Perhaps this can be done 
best by examples. 

(2.) ^^ Nominal Horse-powery* dtc. — ^We will take the case of a 
steam-engine raising 200 gallons of water per minute 330 feet 
high, by a set of deep-weU pumps. The weight of a gallon of 

water being 10 lbs., this is equal to — ooTmn — = 20 horse- 

power ; and to do this work we should employ an engine of 20 
nominal horse-power. But let us suppose that the friction of 
the pumps, &c., was such that they gave out in useful work 

'a 



2 BTAKDABD OP POWER. 

only '66 or f rds of the power absorbed by them, and this is about 
the fact, as shown by Table 1 ; they would therefore require 

Table 1. — Of the Modulus of Machines for Raising Water, being 
the ratio of the work done to the nett indicated Horse-power 
consumed. 



{ 


Modulus. 


Inclined chain-pump 


•38 to -40 


Upright ditto .. 


•53 „ -65 


Archimedean screw 


•(52 „ -70 


Deep well and mine pumps 


•66 


Persian wJieel, with swinging buckets 


•60 


Chinese wheel, with oblique-fixed buckets 


'5S 


Endless chain and buckets, lift 3 ft. 3 in. to 6 ft. 6 in. . . 


•48 


Ditto ditto 8 „ 2 „ „ 8 „ 6 „ .. 


•57 


Ditto ditto 9 „ 10 „ „ 10 „ 10 „ .. 


•63 


Ditto ditto 11 „ 9 „ „ 13 „ „ .. 


'GG 


Centrifugal pump, 5 feet lift, large size, 10,000 gallons .. 


•75 


Ditto 5 ditto small 1,400 ditto ,. 


•65 


Ditto 30 ditto large 1,400 ditto .. 


•55 


Ditto 80 ditto medium 400 ditto .. 


^45 


Ditto 30 ditto small 100 ditto .. 


•25 



20 
66 



= 30 horse-power, to do the work ; and if an indicator were 



placed on the cylinder, it would have to show 30 horse-power 
indicated, clear of the friction of the engine itself. To complete 
the illustration, say that the friction of the engine itself was 
equal to 10 horse-power by the indicator, and we should then 
have 20 nominal, 30 nett ilndicated, and 40* gross indicated horse- 
power. It appears, then, that in this case the nett indicated 
horse-power is 60 per cent, more than the nominal, and the 
gross indicated power is double the nominal ; and this may be 
taken as a fair average, according to the practice of our leading 
engineers. It will be observed that in this case the nominal 
horse-power is identical in amount with the real work done, 
and the friction of the pumps, &c., is compensated by the excess 
of the indicated power over the nominal. But this will not 
hold true in every case, and with all kinds of machinery ; in 
fact, it will apply without correction only to those cases where 
the machines give out '66 of the power consumed by them; 



NOMINAL AND INDICATED HOBSB-POWEB. 3 

and Table 1 shows that this is the modulus of the best class of 
upright chain-pumps, Archimedean screw, deep-well pumps, 
endless chain of buckets for lifts over 13 feet, and centrifugal 
pumps for low lifts under 5 feet, &c., &c. 

With other machinery, having a modulus of friction more or 
less than '66, the nominal horse-power of the engine will not 
agree exactly with the work to be done. For instance, if we 
had to raise 1400 gallons 33 feet high per minute, by a cen- 
trifugal pump whoso modulus by Table 1 is '55, we should 

require ^^^^^ z-= = 25 • 5 nett indicated horse-power, which 

^ 33000 x*55 ^ 

by the ratio we have given would be equal to an engine of 

25*5 

.. =17 nominal horse-power, and the wheels, shafts, &c., 
X * o 

should also be calculated for that power by the rules and tables 
in this work. Again, to raise 100 gallons per minute 50 feet 
high, by a small centrifugal pump, whose modulus, by Table 1 

is '25, we should require --^-. -— = 6 nett indicated, and 

' ^ 33000 X '25 

/» 

an engine of ^-^ = 4 nominal horse-power. 

(3.) It is much to be desired that the term nominal horse- 
power should be abandoned altogether, and indicated horse- 
power universally substituted, or otherwise that there should 
be some fixed ratio established by authority between the two; 
at present it is quite an indefinite term. We have just fixed the 
ratio of the nominal to the gross indicated power at 1 to 2, and 
this agrees with the practice of most engineers, especially for 
land-engines, but there is no fixed rule; thus we hear of marine- 
engines of 1200 nominal horse-power, which are intended to 
work up to six times I their nominal power, and which on trial 
actually do show 8000 gross indicated horse-power, or nearly 
7 times the nominal. 

Before calculating the sizes of wheels, shafts, &c., by the rules 
in this work, the real or indicated power to be dealt with should 
be ascertained or carefully estimated, and the nominal horse- 
power deduced from it, allowing the ratios of the "nominal;'* 
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the " nett indicated " and the " gross indicated ** power to be 1, 
1^, and 2. The ratio 1^ to 2 is adopted for the sake of round 
numbers, it gives, perhaps, too great an allowance for friction 
with large engines; IJ to If would be nearer the truth for such 
cases. In the case just given, the gross indicated power being 
8000, the nett indicated would be 6000, and the nominal 4000 
horse-power ; the size of shaft, &c., may be calculated for the 
latter by the rules in (51), and in the Appendix. A serious 
error would have ensued in this case by using the reputed 
nominal power of 1200 horses in fixing the size of shaft. 

We have used the term nominal horse-power in this work in 
deference to custom ; to have substituted indicated horse-power, 
would have been to render the book useless, or nearly so, to 
most practical men, by whom the old term is almost universally 
employed. By reducing the indicated to the nominal power in 
the way we have illustrated, we may obtain the precision of the 
former with the convenience of the latter. 

(4.) " Power of Horses, Men" dc. The power of animals varies 
greatly with the mode in which it is exerted, and the duration 
of the labour. In the case of a horse, the most favoTurable mode 
of exerting the strength, is in drawing a carriage at a low 
velocity, but even then it is not equal to the standard unit of 
33000 foot-pounds per minute, except when the duration of the 
labour is reduced to 6 hours per day. When a horse walks in a 
circle for the purpose of driving machinery, his effective power 
is reduced considerably by the unfavourable rotary motion ; the 
diameter of the circular path should not be less than 20 or 25 
feet, and the velocity should not exceed If to 2 miles per hour. 
When the power is employed in raising water by pumps the 
useful effect is still further reduced by friction. Table 2 gives 
the power of men, horses, and other animals, all reduced to the 
standard of horse-power. The following examples will illustrate 
its application to cases in practice : — 

Say we had to raise 20 gallons per minute 120 feet high, for 

8 hours per day, by a set of deep-well pumps : — the work done is 

200 X 120 

■ QQAArT " = * 73 horse-power nett, and will require by Table 2, 
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POWER OF HORSES, &C., IN PUBIPING. 

73 '73 

= 2 horses, or -^r^ = 14: men working the pumps by 



•354 ' -053 

winches. 

Again, with an upright chain-pmnp, say we have to raise 200 
gallons per minute 20 feet high, for 6 hours per day : — the nett 

work done is ^ ^ =1*21 horse-power; and taking the 

Oo,UUU 

modulus of the pump from Table 1, at • 53, this is equal to 

1'21 

-TFH" = 2*3 horse-power indicated, and we shall require 

2'3 2*3 

-;rr7 = 4 horses, oT-rrx?: = 22 men working the pump by a 
•'614 • 109 < 

capstan. Here it will be observed that we take the nett power 

of the horse, or the man, from Table 2, divested of the friction 

of pumps, &c., which is allowed for in the modulus • 53. 

Again, say we have to fix the size of a set of deep-well 

pumps to be worked by a donkey, the lift being 100 feet, and 

the duration of the labour 5 hours per day. Then from 

Table 2, the nett work of a donkey with pumps is • 124 horse- 

4092 
power, or -124 x 33,000 = 4092 foot-pounds, or -^= 41 lbs., 

or say 4 gallons per minute, raised 100 feet. A horse would 

have raised '^^00^^^^ = H-8 gaUons, and a man with a 

. , -067 X 33,000 ^ ^ „ . * ^ ^ 

wmch-pump — :rj-^ -^r — = 2*2 gallons per minute, &c.. &c. 



CHAPTER II. 



ON WHEELS— -FORM OF TEETH. 



(5.) "Pitch,^^ — The pitch of a wheel is the distance from 
centre to centre of two contiguous teeth ; but there are two 
ways in which this may be measured, namely along the curved 
pitch-line, — and in a direct straight lino from centre to centre, or 
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in other words, along the arc, — and along the chord, and there 
is a great difference of opinion as to which of the two is correct. 
If this question were a mere distinction or definition of terms, 
it wpuld be an unimportant matter, but in the case of a small 
pinion working with a large wheel or with a rack, a considerable 
positive error ensues from the adoption of an erroneous prin- 
ciplej and the wheels will not work together correctly. Pro- 
fessoi Wallace, DonMn, Templeton and others have adopted the 
chord or straight line mode of measurement, and have given 
tables for calculating the diameter of wheels on that principle. 
It is & result of the chord principle, that the diameters of wheels 
are n*t exactly proportional to the number of teeth : for instance, 
a wheel with ten teeth is not precisely half the diameter of one 
with;fcwenty teeth, (fee, &c. Professor Willis, Grier, and others 
measire the pitch by the arc or along the curved pitch-line, and 
this LS unquestionably the correct mode. Perhaps an ocular de- 
monstration will be the most convincing, especially to practical 
mei^ : let Fig. 1 represent to a scale half the full size, a pinion 
of tan teeth, working into a rack, the pitch being four inches, 
anc to illustrate the matter more clearly let there be no clearance 
b^ween the teeth ; for the same reason the teeth are drawn of 
extra length. The form of the teeth having been accurately 
determined by rolling circles as explained in (7), the correctness 
of the principles (whatever they may be) on which the pitch is 
measured is manifested by the accuracy with which the teeth fit 
into one another, being in contact at the points A.B.O.D.E.F. 
If now the direct distance G . P . M be taken accurately in the 
compasses and compared with the pitch of the rack, it will be 
found to be about ^th of an inch less than Q . E ; but if the 
pitch of the pinion be measured along the curved line by short 
steps G.H.I.J.K.L.M, and the same distances be set off 
from Q, on the pitch-line of the rack at H'. I'. J'. K'. L'. E, the 
two sets of measurements will exactly coincide, and thus the 
method of measuring the pitch along the curved pitch-line is 
proved to be correct. To make the error of the other, or chord 
principle more palpable, let the direct distance G . P . M . be set 
off three times from B to S . T and U, and it will be found that 
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by the accumulation of the error, the centre of the tooth XJ is 

about -nr^^^ ^^ ^^ ^^-^ wrong in position, and that the teeth 

would cut into one another to that extent at A . W as shown by 

the dotted line Y . W . Z, and all the rest would do the same, only 

to a less extent. 

(6.) " Diameter of WheeU,^^ — The primary idea of a pair of 

wheels is the case of two plain cylinders working against each 

other and driving by frictional contact; these are called the 

pitch- cir dee and by the diameter of a wheel, the diameter of 

these imaginary circles is always understood. The diameter of 

a wheel with a given pitch and number of teeth, may be bund 

from any table of circumferences of circles, or multiplying the 

pitch by the number of teeth, and dividing the product by 

3* 1416 will give the diameter in inches ; thus a wheel witt 122 

122x2 
teeth 2 inches pitch, must be oTTTT f» = 77 • 66 inches diameter at 

the pitch-line. The diameter may also be calculated by the con- 
stant multipliers in col. 2 of Table 3 ; thus in our case we 
have • 6366 X 122 = 77-66 inches as before. 

(7.) " Form of Tee^A."— The form of teeth should be such as 
to give the same perfect uniformity of motion as with plan 
cylinders rolling on one another. Mathematicians have shown 
that there are two curves which fulfil that condition, namely the 
epicycloid and the involute. 

The Epicycloid is a curve drawn by a point in the circum- 
ference of a circle rolling on another circle, or on a plane, which 
may be regarded as a circle of infinite radius. Let A and B in 
Fig. 2 be the pitch-circles of a pair of wheels of unequal diameters, 
and C a circle say half the diameter of B : in that case a pencil 
or point at D in the circumference of C rolling inside the circle 
B into the position G' will draw a straight and radial line 
D . E, and that will be the form of the tooth in the wheel B 
heUyu) pitch-line. If now this same circle C be made to roll 
outside the circle A from the position F to the position G, a 
pencil or point in its circumference at H will describe the 
epicycloidal curve H . J which will be the form of the tooth of 
the wheel A above pitch-line. It will be observed, that in all 
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cases, the part of the tooth of any wheel above pitch-line, works 
only with the part below pitch-line in its fellow, and vice versa ; 
in our case therefore the curve H . J works with the radial line 
D . E and will do so correctly* The teeth of the pinion A 
below pitch may be described on the same principles by a circle 
K, half the diameter of A rolling inside that circle, into the 
position K' when a pencil in its circumference at D, will draw 
the straight and radial line D . L, and the same circle rolling 
outside the circle B from the position M to the position N de- 
scribes the curve . P, which will work correctly with the radial 
line D . L . 

(8.) The teeth of mortice-wheels are commonly formed pre- 
cisely in the manner we have described ; the teeth have in that 
case to be shaped and trimmed by hand, and the parts below 
pitch being flat, can be worked more easily than if they were 
formed with a hollow CTirve. The line drawn by a circle roll- 
ing inside another of double its own diameter, being always a 
straight and radial line, of course the trouble of drawing that 
line by rolling circles may be avoided by using a straight- 
edge, &c, 

(9.) Where the case is not governed by any question of prac- 
tical convenience, the size of the describing circle is arbitrary. 
For instance, the circle K rolling from Q to E would describe 
the hollow curve S . T, which would work with the curve W . X, 
described by the same circle rolling from U to V. In that case, 
the whole of the working parts of the teeth in both wheels are 
drawn by one and the same circle E, applied at K . M . Q . U, 
and that circle might have been of any other size at pleasure, 
the form of the teeth varying with every change in the diameter, 
but still working together correctly, 

(10.) The practical millwright can thus obtain almost any 
desired form of tooth to suit his judgment, by varying the sizes 
of the describing circles, so long as the great general principle 
is adhered to— that the same describing circle is used for those 
parts of the teeth which work together — namely, above pitch 
in one wheel, and below pitch in the other. It is, however, an 
almost imperative practical condition, that the describing circle 
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shall not be larger than half the diameter of the smallest wheel, 
otherwise the teeth of that wheel would be very small at the 
root, and consequently very weak, 

(11.) When three or more wheels, all of different sizes work 
together, the case becomes more complicated, but must be 
treated on the same principles. Thus the wheel I would have 
its tooth above pitch, formed by the same circle C, by which 
the tooth of B, below pitch was formed, as at Y . T', and the 
describing circle K, which formed the curve . P above pitch 
in the wheel B, will fonn the tooth below pitch in the wheel I^ 
by rolling inside the pitch-circle from Z to Z'. If a constant 
or standard describing circle, such as E, be used, the whole 
matter is simplified. 

(12.) The advantages of using a constant size of describing 
circle are very great : for instance, any wheel having its teeth 
thus formed, will work correctly with any other similar wheel, 
which is not the case where a variable size of describing circle 
is used; and again, the trouble of making templets for every 
different size of rolling circle, and the probability of error by 
the adoption of a wrong one, is avoided. But to carry this out, 
the " Standard " size of describing circle adopted must be very 
small in order to avoid making the teeth of small pinions very 
weak at the root, and the effect of a very small circle on medium- 
sized wheels is to give a form of tooth to which there are prac- 
tical objections on the important points of strength and wearing, 
as we shall see when we come to the detail of the process of 
forming the teeth. 

(13.) In applying these principles to practice, say to the 
wheel A, Pig. 2, a portion of the pitch-circle is drawn to the 
full size on paper, and a templet a, formed of wood, say -j^th of 
an inch thick, and shaped to the same radius, is laid upon it. 
A segment h of the describing circle C, &c., is made in the same 
way, and a needle, &c., is driven through the edge of it obliquely^ 
as at /, Fig. 3, so that its point appearing on the lower side 
just coincides with the curve at g, the position on plan being at 
H in the templet h. The templet a being kept in position by 
the pressure of the left hand, the templet h is pressed against it 
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with the right hand with force sufficient to prevent slipping, and 
is rolled on a into the position c, the needle at H making a 
clean indented mark on the paper from H to J. If the needle 
is fixed at a proper angle, the mark made will not be a scratch, 
but a clear indentation. By trial, a radius may be found which 
will draw a curve sufficiently near the exact epicycloid for 
practical purposes. 

The part of the tooth below pitch-line is drawn in the same 
way by forming a female templet d, upon which a segment e of 
the describing circle K is made to roll into the position h, and 
the needle at D draws the line D . L on the paper, &c., &c. 

(14.) The details of the method of drawing the teeth of 
wheels may be more fully illustrated by Fig. 1, in which we 
have a rack 4 inches pitch, working into a pinion with 10 teeth, 
having a diameter, by col. 2 of Table 3, equal to 1 • 2732 x 10 
= 12-732, or, say 12| inches. 

For a particular purpose, explained in (5), no clearance 
between the teeth is allowed in the figure; this, however, will 
not affect the form of the teeth, which is the matter now in 
hand. If we determine beforehand that the teeth of the pinion 
below pitch shall be radial, that form would of course be given 
by a describing circle a a, half the diameter of the pitch-circle 
of the pinion, or 6f inches, and by the principles already laid 
down, this circle rolling from b to c on the straight pitch-line of 
the rack will draw the curve de or the form of the tooth of the 
rack above pitch-line. By trial we may now find a radius 
which will draw that curve with approximate correctness, and 
we find it to be about 6^ inches, having its centre at /, about 
1^ inch below the pitch-line : this, however, will only draw 
the curve correctly from e to h, the rest, from d to h, may be 
drawn from the centre h (at the junction of the radius h ./ with 
the pitch-line of the rack) with the radius h k, which is about 
1^ inch. It will often happen, as in this instance, that two 
radii are necessary to obtain a good approximation to the true 
epicycloidal curve. 

(16.) We will assume for the rack that the form of tooth 
below pitch-line shall be straight and perpendicular to the 
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piteh-line, which is the form that would be given by a de- 
smbing circle of infinite radius, or, in other words, by a 
straight line, and a point in this same straight line rolling on 
the pitch-circle of the pinion from m to n n, will draw the curve 
D^), which is the form of the tooth of the pinion, above pitch- 
line. Searching for a radius by which this curve may be drawn, 
we find it to be about 3f inches, having its centre at r, about 
-j^th of an inch above the pitch-circle of the pinion ; this, how- 
ever, will draw only that part of the curve from j? to «, leaving 
about ^th of an inch from « to D to be drawn with a radius 
of about 1^ inch, having its centre on the pitch-circle of the 
pinion. 

(16.) It will be found that the form of tooth with epicy- 
cloidal curves varies very greatly with the sizes of describing 
circle used, and as they are all equally correct in principle, it 
may seem to be a matter of indifference what particular size of 
circle is adopted, and what form of tooth ensues. But there 
are other and practical considerations which are not contem- 
plated in the rules by which the theoretical form of the teeth is 
fixed, but which it is necessary to remember as affecting the 
durability of the wheels and the power they are capable of 
transmitting. 

(17.) " Form as affecting Wear-and-tear" — The point of con- 
tact between tooth and tooth is always found in the line of the 
describing circle ; for instance, in Fig. 1, it is at E, which is in 
the circle aa; the teeth will therefore be out of contact at the 
point t, where the describing circle and the point of the rack- 
teeth intersect. When passing the centre at G, the teeth are in 
contact at that point, or at the pitch-line ; while the side of the 
tooth moves from G to v, the point of contact moves from v to t, 
the wear-and-tear is thus distributed over the surface tv, or 
more distinctly from w to x. The relative distance over which 
the strain is distributed governs the durability of the wheel, 
and is itself governed by the size of the describing circle ; 
thus with a larger circle g, the point of intersection would have 
been at i, and in that case the wear would have been distributed 
over the reduced distance ij, or about ^rd of the distance t v. 
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In some cases this is reduced to a point, and the wear-and-tear 
becomes excessive : this is the case in Fig. 1, with the teeth of 
the rack below pitch; for the describing circle being one of 
infinite radius, it coincides with the straight pitch-line, and 
the teeth are in contact at A . C . D . F. While the wear on the 
point of the tooth of the pinion is distributed all over the 
surface from D to p, it is concentrated on the point D of that 
part of the rack-tooth with which it works, and although the 
theoretical action is perfect, the teeth of the rack would suffer 
and very quickly change their form by excessive grinding wear. 

(18.) To show how this may be altered by a change in the 
size of describing circle : say we take the circle a a, by which 
the point of the rack-tooth was drawn, and cause it to roll from 
u' to h' when it draws the hollow epicycloidal curve A . c', which 
will be the new form of the tooth of the rack below pitch. The 
same describing circle rolling on the pitch-line of the pinion will 
draw the curve d' e', giving the form of the tooth of the pinion 
above pitch. The line of contact, instead of being along the 
straight pitch-line as before, will now be along the describing 
circle G ./', contact will cease at /', where the describing circle 
and the point of the pinion tooth intersect, and the wear is dis- 
tributed over the surface from /' to h' or from A to h' instead of 
being concentrated on a mere point as in the former case. 

(19.) ^^Form as affecting the Power of fhe Wheel" — Other 
things being equal, the power which a wheel can transmit depends 
on the number of teeth in gear at one time, and as the arc 
during which contact lasts and consequently the number of 
teeth in contact depends on the size of the describing circle, 
this is another important practical point for consideration in 
selecting the size of the circle to be used in any particular case. 
Referring again to Fig. 1, with the circle a. a,, the arc of 
contact is G . t; ., but with a larger circle g, it is G ,j ., and if the 
pinion had been one of fine pitch, the result would have been 
that a greater number of teeth would have been in gear at the 
same time. This will also be shown by Fig. 7, in which 
with the small describing circle a the teeth part contact at the 
point V, but if the pinion had been of larger diameter, a larger 
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describing circle might have been used say y, and in that case 
the teeth would have remained in contact to the point x and the 
arc u.x being double the arc u.v the wheels would been 
stronger in about the same proportion. In Fig. 1 the effect of 
using the small circle a. a. instead of the circle of infinite 
radius, is to reduce the distance in contact from G . A to G . A', &c. 
But while a small circle thus reduces the number of teeth in 
contact and thereby the power of the wheel, another effect is to 
form a stronger tooth, or one having a greater thickness at the 
root. The general effect of reducing the size of the describing 
circle is, 1st, to diminish the arc or number of teeth in gear at 
once,, and thereby diminish the power of the wheel; 2nd, to 
increase the thickness of the tooth at the base and thereby 
increase the power of the wheel; and 3rd, to increase the 
wearing surface and the durability of the wheel. The relative 
amount of each of these can only be determined by trial in 
each case. 

(20.) " The form of Teeth to match those of an Old WheeV'—li 
frequently happens in practice, that a new wheel has to be made 
to work with an old one whose teeth are of unusual or irregular 
form. In such a case, the teeth of the new wheel may be 
accurately adapted to the old ones by the application of the 
same principles already explained. To do this, a few teeth of 
the old wheel should be taken accurately by a sharp pencil or 
steel scriber on a clean board held against them, &c., and the 
pitch-circle may be added by the trammel. A wooden templet 
as at a. Fig. 2, is laid upon it, and another having an assumed 
radius, as a describing circle is rolled upon it, and it is observed 
how fiar a mark or point in its circumference will draw a curve 
coinciding, with the actual form of the old tooth. In all pro- 
bability the size of the describing circle first assumed will not 
draw the required curve correctly, but it will easily be seen 
whether it is too large or too small, and another size must be 
tried until the coincidence is sufficiently near to satisfy the 
judgment of the operator. Supposing that this has been done 
for the part of the tooth cibove pitch-line in the old wheel, the 
describing circle so found will draw correctly the tooth of the 
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new wheel behw pitch-line. Then nsing a concave or female 
templet as at d, Fig. 2, we may find by trial in the same way, 
a diameter of describing circle that will draw a curve approxi- 
mating to the form of the old tooth below pitch-line, which may 
then be applied for drawing the tooth of the new wheel above 
pitch-line, &c. 

(21.) The process of forming the teeth by rolling circles is 
laborions, bnt it is followed by our best engineers ; of course by 
giving plenty of clearance, and paring away the points of the 
teeth, wheels with any form of teeth may be made to work 
somehow, but where good work is desired it can only be attained 
by attention to correct principles and the expenditure of time, 
care, and labour. Professor Willis has endeavoured to reduce 
the labour by the use of his " Odontograph " which gives by 
simple curves an approximation to the epicycloidal form drawn 
by a small standard describing circle, and having therefore the 
disadvantages 'which we have shown to belong thereto. 

(22.) A careful draftsman may avoid the trouble of making 
wooden templets altogether by using a paper one in the fol- 
lowing manner : say we take the case of the Wheel I., Fig. 2 ; 
part of the pitch-circle being drawn on the paper to the fuU size 
is divided into equal spaces at . 1 . 2 . 3 . 4, &c., &c., say an inch 
apart more or less, and the same spaces are set off along the edge 
of the templet cut out of drawing-paper to the radius of tho 
describing circle Y. Then the templet is applied to the pitch- 
circle, the divisions on its edge being made carefully to coincide 
with the divisions on the pitch-line, and at each junction, a mark 
is made with a sharp pencil opposite the division on the templet. 
Thus when the two Nos. 1 are in contact a mark is made at 1', 
when the two Nos. 2 are in contact the mark is at 2', &c., &c., 
&c., and thus we get a series of points through which the curve 
may be drawn by hand, or from which a radius may be found 
for drawing the curve approximately with the compasses. 

(23.) " Involute Teeth,''* — The involute is a curve formed by 
the end of a cord unwinding from the circumference of a circle, 
and the teeth thus formed have one very valuable property 
which epicycloidal and other forms of teeth do not possess. 
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namely tliat the distance of centres of a pair of wheels may be 
varied so that the teeth are more or less deeply in gear without 
affecting the regularity of the motion, or the perfect working of 
the teeth. With epicycloidal teeth the distance of centres must 
be strictly preserved, and where this can be done, which is the 
case in most instances, that form of teeth is the best ; but with 
cmshing rolls, &c., &c., the distance of centres must be allowed 
to vary, and in such cases the peculiar property of the involute 
teeth renders them superior to any other. 

(24.) Let W and P in Fig. 11 be the imaginary pitch-circles 
for a pair of wheels touching at the point A ; having determined 
the proper length of the cog below pitch, set that distance off 
from A to B on the larger wheel of the pair, and with the 
radius C . B draw the circle D . B . E ., which will be the 
generating circle from which the involute forming the teeth in 
that wheel are to be drawn. Draw the line A . H . forming a 
tangent to the circle D . E at H, prolong it to J, and draw the 
circle K . L ., touching that line at M, and that circle will be 
the generating circle of the involute forming the teeth of the 
pinion P. A string unwinding from the circle D . E . will draw 
the involute curve /./, and similarly unwinding from the 
circle K . L . will draw the involute E . S forming the tooth 
of the pinion. It will answer the same purpose if a straight- 
edge be made to revolve against the Fame generating circles, a 
point in its edge will draw the same involute curves. The 
trouble of making templets of the generating circles may be 
avoided by making equal and corresponding divisions on the 
straight-edge and generating circles as explained in (22). The 
length of the tooth t . u should not exceed the distance L . P ., 
and similarly the length v,x. must not exceed the distance 
E.W.; they may, of course, be as much shorter than that as 
may be thought proper. 

(26.) It will be observed, that with involute teeth, the curve 
is a continuous one from base to point. The line of contact, 
and the direction of the pressure of the teeth on each other, is 
in the straight line H.A.J, which in small wheels, at least, is 
very oblique to the direction of motion: this causes a great 
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pressure on the axes, tending to separate the wheels, and re-* 
suiting in considerable extra friction on the bearings, and con- 
sequent loss of power. This is the great objection to the 
inyolute teeth, and for this reason they should seldom be used, 
except in cases where the distance of centres is variable, when 
no other form of teeth will work correctly. It should also be 
observed that the thickness of the teeth should be regulated, 
so as to be equal at their hoses, and will in most cases be 
imequal at the pitch-line, as in Fig. 11. 

(26.) « Teeth of Bevel -Wheels:'— The teeth of bevel-wheels 
must be drawn on the same principles as those of spur-wheels, 
the only important difference being, that the projected diameters, 
and not the real ones, must be taken. Let A ., in Fig. 12, be a 
bevel-wheel, and B. its pinion, say with 54 and 22 teeth 
respectively, 2^ inches pitch, 6 inches wide on the face of 
teeth, &c. It is evident that all bevel-wheels have a TnaTiTnTTTY^ 
and a minimum diameter, for instance in our case they are 
A . a and B . h respectively ; the reputed diameters are always 
the maximum ones, and thus we find the diameters by col, 
2, of Table 3, to be -7958 x 54 = 40 inches in the wheel, 
and • 7958 x 22 = 17 • 5 inches in the pinion. These diameters 
must be drawn upon the board, as in Fig. 12, and the line F . G . 
drawn through their intersection at D. The line D.£. is 
perpendicular to the line F . G ., and may be drawn by taking 
any convenient radius, and striking off right and left from the 
point D, the arcs m, n., and from them as centres drawing other 
arcs 0. p. and v. s. Then through their intersections the line 
C.D.E. may be drawn, intersecting the centre lines of the 
wheels at and E. Now the jpr ejected radii E . D . and . D , 
are to be taken in drawing the teeth, the projected pitch-line of 
the teeth of the wheel being D . e, drawn from the centre E, 
and that of the pinion being D . /, drawn from the centre C. 
The whole may then be dealt with precisely as if they were 
spur-wheels of the new and projected diameters. All the lines 
of the teeth, both in length and thickness, radiate from the 
centre F. 
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ON THE GENEBAL PB0P0RTI0N8 OF WHEELS, &C. 

(27.) " Length of Teeth:'— The length of teeth, and the pro- 
portions of wheels, are matters for judgment, experience, and 
taste. Table 3 gives some of the proportions for the teeth 
of wheels. Table 4 the proportions of the arms, and Plate 4 
gives many particulars in a form more direct and useful for 
practical men, by scales which may be engraved on the back of 
the common slide-rule, or they may be collected on a pocket- 
rule specially devoted to them : they can then be applied direct 
to the work in hand ; their use in practice will be illustrated as 
we proceed.* 

With iron-and-iron-toothed wheels, the length of tooth above 
pitch may be P x '344 = I, and below pitch (P x '344) + 
(VP X 'ISS) = L. This gives for clearance between the point 
of the tooth of one wheel, and the base of its fellow = >/p x * 125, 
which is equal to ^ inch in a wheel 4 inches pitch, and ^ inch 
in a wheel of 1 inch pitch, &c. : a wheel 4 inches pitch has 
thus a tooth 3 inches long, or If above pitch, and If below pitch. 
See cols. 3, 4, and 5 in Table 3, and the scales in Plate 4. 

(28.) The teeth of mortice-wheels are commonly made much 
shorter than those which work iron with iron ; the reason being 
that the wooden-cog has to be made much thicker than its iron 
fellow, in order to obtain the requisite strength, and the iron 
one would be excessively weak with the length ordinarily used 
for iron-toothed wheels. In mortice-wheels, the length of the 
wooden-cog and its iron fellow, above pitch, may be P X *25, the 
clearance at the end of the tooth may be V P X * 125 as in iron 
wheels, and the length belowpitch (P x * 25) + (VP~x ' 125) = L. 
Thus a mortice-wheel, 4 inches pitch, will have 2^ inches for 
the total length of tooth, or 1 inch above pitch, and IJ inch 
below pitch, &c., as per cols. 8, 9, and 10, in Table 3, and 
the scales in Plate 4. ^ 

(29.) " Thickness of Tee/^."— Taking first, the case of iron- 
toothed wheels working together with rough surfaces, as taken 

♦ These scales for wheels maybe obtained of Messrs. Spon, 48, Chaiing 
Cross, London, price 48. ; in ivory, 5«. 6d. Free by post. 
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from the foundry, we must allow a certain clearance between 
tooth and tooth for errors of workmanship, and other irregn- 

a/P 

larities. The amount of clearance may be taken at —ttt 
which gives ^th of an inch with 1 inch pitch, and j%ths of an inch 

with 4l inches pitch, &c. : hence we have < = f P — -—r- J X * 5, 

anda wheel 4 inches pitch will have a tooth (4 — '2) x '5 = 1'9 
inches thick, <&c., as in col. 6 of Table 3, &c. 

With mortice-wheels clearance is unnecessary, the wooden- 
cog and its iron fellow being usually pitched and trimmed, 
or shaped accurately by hand. The thickness generally adapted 
as the dictum of experience, is -^iha the pitch for the wood-cog, 
and ^ths the pitch for the iron fellow. See cols. 11 and 12 in 
Table 3, and the scale in Plate 4. 

(30.) " Width on Face of Tce/A."— The width of fiaoe in a 

wheel is arbitrary, but as a matter of taste there should be 

a certain proportion between the pitch and the width. A common 

proportion is to make the width 2^ times the pitch, but this 

makes a wheel of small pitch too wide, and one of large pitch 

too narrow, in the judgment of most practical men. A better 

P*Xl'8 
proportion will be given by the rule — t= — = W, in which P 

V Jt 

is the pitch, and W the width in inches; with 1, 2, 3 and 
4 inches pitch, this rule gives 1|^, 5:^, 9:^, and 14^ inches, as 
the respective widths. The same proportions will apply to 
mortice-wheels; the mortice itself, or shank of the wooden 
cog, may be about \ inch narrower than the face of the cog, 
thus leaving \ inch for shoulder at each end. The thickness of 
metal at the end of the mortice will be given by the rule 

P _i jj^ 

— '^. as per col. 13 in Table 3, and the scale in Plate 4 ; 

4 

thus a wheel 2 inches pitch, and 5^ inches wide on the &ce, 

would have a mortice 5 inches wide, and the thickness of metal 

at each end being ' 853, or say |^ inch, the total width would be 

6| inches. 



22 WHEELS — PEOPORTIONS OF AEMS. 

The thickness or depth of rim T, Fig. 9, in mortice-wheels, i^ 
nsnally made equal to the pitch, but a better proportion is 
given by the rule P -f -25 = T, as in col. 14 of Table 3. For 
really good work the face of the casting should be rough turned 
before the teeth are fitted in ; the expense of turning is nearly 
compensated by the saving of time and labour in fitting the cogs. 

With iron-toothed wheels the thickness of the rim t, Fig. 7, 
is the same as the thickness of the tooth ; the depth of the rib 
B. projecting inside the rim is f rds the pitch as ^ven by the 
scale in Plate 4. 

(31.) " Breadth of Arms** — No general rule cai; be given for 
the number of arms in a wheel : for wheels say 2 inches pitch, 
four amis may be used for diameter under 2 feet ; six arms up to 
8 or 9 feet ; and eight arms above those sizes. But this will not 
apply to wheels of other pitches; this is a question to be decided 
by judgment and taste rather than by rules. 

The breadth of the arm at the point, B Fig. 7, will be given by 

the rule ^'34 x P X W x V^^p,^ in which Pis the pitch; 

A 
W the width ; A the number of arms ; N the number of pinions 
which the wheel has to drive (usually only one) ; and B, the 
breadth of the arm at the point. Thus the wheel Fig. 7, 3^ 
inches pitch, 10 inches wide, six arms and one pinion, will require 

y^7-34x3-5^xl0ig) . 6| inches broad at 

the point. Table 4 is calculated by this rule. If this wheel 
had four pinions to drive we should in that case have had 

- 7-34x3-5xl0xV4 ) ^ 9 j ^^-i^^ fo, ^^^ ^^tl, ^^ 

the arm at the point. 

When a wheel is required to be in halves for convenience in 
fixing or carriage, &c., the breadth of half the double arm C, 
in Fig. 7, would be the same as the common arm of a wheel of 
half the width of face, or in our case 6 inches wide, which by 
Table 4 is 4f in. wide. The table gives the breadth of arm for 



an arm 



y^ 
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wheels with six arms only, other cases must be calculated by 
the rule. 

The breadth of arm increases as it approaches the centre; the 
amount of taper may be for large wheels about ^inch per foot 
in length, or }th inch on each side of the arm : with small 
wheels it may be f inch per foot or f inch on each side. 

The thickness of the main rib B of the arm Fig. 8 should be 
equal to the thickness of the iron tooth, and the thickness of 
the cross ribs d, may be ^th the pitch. 

(32.) « Strength of Metal round the Eye"— The thickness of 
metal in the boss of a wheel round the eye, will be given by the 

rule ?-^ + (-125 x D) = T, in which P = the pitch in 

V 

inches, D = the diameter of "the wheel in feet, and T = the 
thickness of metal round the eye in inches. The scale in Plate 
4 is obtained by this rule, thus for the wheel Fig. 7, measuring 
with a rule from 3^ inches pitch on one side of the scale, to 6 
feet diameter on the other side, we find the required thickness 
to be 3 1 inches ; if this wheel had been 10 feet diameter, the 
thickness would have been 3|^ inches; or with 15 feet diameter, 
4^ inches, &c., &c. The proper proportions of the key and the 
key-boss, for strengthening the key-way, are given in Chapter V. 

(33.) As a general illustration of the application of the pro- 
ceeding rules, we have in Fig. 7 a wheel of 64 teeth, working 
with one pinion of 20 teeth, 3^ inches pitch, &c. The diameters 
will be found by the rule in (6), &c. : if we determine that the 
teeth of the pinion below pitch shall be radial, then a . a will 
be the diameter of the describing circle, being half the diameter 
of the pitch-circle h. This circle rolling from c to «, will draw 
the form of the tooth of the wheel/./. The teeth of the wheel 
below pitch may be drawn by the circle g, whose diameter is 
arbitrary, and the same circle rolling from h to k, will draw the 
curve m . m which is the form of pinion tooth above pitch-line. 
If the large wheel had been a mortice one as at Fig. 9, then the 
teeth below pitch being radial, we must have taken the circle n 
half the diameter of the wheel instead of g, and the same circle 
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must Have been used instead of h.Jc for drawing the teeth of the 
pinion above pitch. 

The arm D illustrates the best mode of bolting together a 
wheel that has to be made in halves. The main bolts E two in 
number on each side of the boss, should be placed as near the 
shaft as possible, and to effect that purpose, the arm must have 
deep bosses as shown : the bolts at F having less strain on them 
may be of smaller diameter, and should be as near the rim as 
possible. The wheel has in this case been divided in casting by 
the plate G, but a better job is secured by planing the two halves 
and fitting them together thoroughly. 

(34.) ^^ Weight of Wheels^ — The weight of wheels can be 
accurately determined only by ihe number of cubic inches of 
metal they contain, which multiplied by * 2556 gives the weight 

Table 5.— Of the Weight of Wheel-Castings. 



Diameter 
at the 


Pitch. 


width. 


Weight 


Value of 


Pitch-Lne. 








M. 


It. in. 


inches. 


inches. 


cwt qra. lbs. 




6 7 


H 


9i 


21 2 2 


11-7 


4 4^ 


2i 


7 


9 3 4 


11-7 


4 4i 


2 


5 


5 2 14 


12-6 


3 10| 


2f 


7 


8 2 16 


11-66 


2 ^ 


2 


H 


3 10 


11-6 


2 3 


H 


3 


1 1 10 


11-6 


2 1 


i 


1* 


1 23 


11-54 


4 8f 


3^ 


9 


12 3 2 


9-84 


8 


2i 


7 


18 1 


12-3 


6 4 


3VW 


12i 


27 1 17 


10-8 


3 11! 


H 


H 


11 


9-74 


1 8 


1^ 


n 


2 24 


9-0 


1 2i 


^ 


^ 


2 3 


9-6 


7 Of 


^ 


12f 


32 3 3 


11-96 


4 5f 


H 


9 


U 3 


9-54 



IroQ-toothed Spur- Wheels. 

Ditto. 

Ditto. 

Ditto. 

Ditto. 

Ditto. 

Ditto. 
Wood-toothed Spur- Wheels. 

Ditto. 
Iron-toothed Bevel- Wheels. 

Ditto. 

Ditto. 

Ditto. 
Wood-toothed Bevel-Wheels. 

Ditto. 



in pounds. But this is very laborious, and as in many cases 
an approximation to the true weight is sufficient for practical 
purposes, we may give the following rule for finding it : — 

(D X P X W) + (VT> X P X W) X M = w, in which 
D = diameter at pitch-line in feet, P = pitch in inches, W = 
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width on &oe in inches, and w = weight in pounds ; thus an 
iron-toothed spur-wheel 6 feet diameter, 3 inches pitch, and 

8 inches wide would weigh about (6x3x8) + (V 6 x 3 x 8) 
X 12 = 1872 lbs., or 16J cwt. The weights of wheels and 
the corresponding values of M are given by Table 5 ; the latter 
may be taken at 12 for iron-toothed spur-wheels, and 13 for 
spur mortice-wheels. For bevel-wheels 10 may be taken for iron 
and 11 for wood-toothed wheels. As these are only approximate 
weights it will be prudent to add a little for contingencies 
where the maximum weight is desired. 

ON THE POWEB WHIOH WHEELS ABE CAPABLE OF OABBTING. 

(35.) The theoretical strength of wheels is a very complicated 
question ; we have to consider, 1st, the strength to sustain a 
Dynamic load (or a force in motion), from which shocks arise 
and back-lash ensues ; 2nd, the absolute strength of the teeth to 
bear a statical load (or dead weight), which is nearly the case 
with the wheel of a crane, or the rack of a sluice-gate, &c. ; and 
3rd, the proper proportion of the strain on the teeth to the 
rubbing surface which bears it, for if a certain pressure per 
square inch of surface be exceeded, abrasion will ensue, and 
undue wearing will follow. 

(36.) Considering first the ordinary case of wheels in more or 
less rapid motion, we find that so obscure and complicated are 
the laws which govern their strength, that it is, perhaps, impos- 
sible to give rules based on purely theoretical principles, and 
we are compelled to refer to experience, and to deduce empirical 
rules from cases of wheels working well in practice. Mechanical 
inatincty corrected by experience, has guided our practical mill- 
wrights (doubtless through a series of failures whose record has 
been lost) to a sufficient knowledge of the subject to enable them, 
with more or less success, to fix, by mere judgment, the proper 
proportions of gearing for the work to be done ; it is probable 
that for every wheel whose sizes are fixed by rule, a thousand are 
fixed by judgment alone. Perhaps it may appear unnecessary to 
give ndes at all under such circumstances, but it will be found 
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thai there are great differences between the judgments of different 
engineers, some making their work very much stronger than 
others, and very much stronger than necessary; and even 
between the works of the same man, very great differences of 
strength are to be found, which can only be accounted for 
by errors or variations of judgment. A rule is therefore neces- 
sary, although it be a merely empirical one, and has for its basis 
the very judgment which it is intended to guide. 

(37.) The rule for the power of wheels may take the following 

form:— VD x E x P* X W x M = H, in which 

D = Diameter of the wheel at pitch-line in feet. 

P = Pitch in inches* 

W = Width on the face of teeth in inches. 

B = Eevolutions per minute. 

H = Nominal horse-power. 

M = Constant multiplier deduced from cases in practice. 

It will easily be seen that when the horse-power is given, and 

other particulars have to be calculated, the rule becomes — 

H H 

— = = M, and ~ = W, and 

VDxExP^xW VI)XEXP*XM 

•T=. = P«, and ( '-^. ) = E. 

VBxExWxM VI^xP'xWxM/ 

The mean value of M may be taken at • 05 for wood-toothed, ot 

mortice-wheels, and • 043 for iron-and-iron-toothed wheels. 

(38.) Thus if we take the case of the wheel shown by Fig. 7, 

say 6 feet diameter, 25 revolutions, 3^ inches pitch, 10 inches 

wide, &c. ; we have then by our rule V 6 X 25 x 3^* x 10 x 
•043 = 64*5 horse-power; with a mortice-wheel. Fig. 9, the 
power would have been 75 horse. 

These rules will not apply to cases where the velocity is 
excessively small ; in such cases we must ascertain the absolute 
strength of the teeth as in (46), and it is advisable where the 
velocity is very small, to calculate the absolute strength of the 
wheels as a check to their power as calculated by the rules 
in (37), using of course the rule which brings out the lowest 
result, or gives the lowest power to the wheel. 
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(39.) Tables 6, 7, 8, 9 give numerons cases of wheels in 
piactioe, and their calculated power by the rules ; as might be 
expected, the coincidence of the actual and calculated power is 
not perfect, which may arise not only from variations in judg- 
ment, but also in many cases from a desire to use existing 
patterns and save the expense of new ones. For this reason 
engineers frequently use wheels rather stronger or weaker than 
they would make them if their judgments were perfectly free. 
TUq general agreement of the calculated and actual powers is 
tolerably satisfactory, thus the combined power of the whole of 
the wheels in Table 6 (32 in number) is 815 horses, and by 
calculation 822 * 3 horses. 

(40.) It is remarkable that mortice-wheels should be stronger 
than iron-toothed ones in carrying power in the ratio of 
•06 to '043, as shown by the ndes, in spite of the relative 
weakness of wood ; but in ordinary cases to which these rules 
apply, it is probable that the strength is regulated by the power 
of resisting shocks, in which the yielding wood is found supe- 
rior to the stronger but less elastic iron. It may be, also, that 
the Motion of metal on metal being greater with heavy pres- 
sures, and the pressure at which abrasion ensues lower than with 
wood upon iron, may be the reason of the apparent anomaly. 
So far as our tables go, they clearly show that practical men 
have been guided by experience to something like the propor- 
tions we have given: the mean value of M for iron-toothed 
wheels in Table 6 is strictly * 0427 ; for iron-toothed gear to 
water-wheels in Table 9 it is *0475, and for mortice-wheels in 
Table 7 it is *047. For the latter we have adopted the higher 
value, *05, as it agrees better with some of the larger cases in 
the table, which have been proved by years of successful work 
to be about correct. All the cases given in the tables have 
been at work for years satisfactorily, except those we have indi- 
cated, and these tend to prove the correctness of the rules which 
show their comparative weakness. When we come to treat of 
the dbsoluie strength of wheels to resist a dead strain, we shall 
find that iron-toothed wheels are stronger than wooden-toothed 
ones for such cases in the ratio of 2 * 23 to 1 ; see (48). 
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-puwcr. 
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T 


DiUDEBT 


w,« 




ActiflL 


(WCUittUJ. 


n,Ct«. 
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FiM. 












fL Id. 


tncb^s. 




60 


51-1 


19'5 
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(Ppper-mill: wore escee- 
\ fflvely and broka down. 


60 


62-4 








11 


iSame, mode wider, worked 
\ better. 
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55-9 


40 
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15 2i 
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5 5 


9 


Pepor-mill, 


42 
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33-2 
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3 III 
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3a 


30-0 


19 


3 


8 10 


6 


Bouiton and Watt. 


30 


29-6 


24-5 


2 


e 9 


7 




30 


35 ■* 


22 


3 


2 9 


10 


Sugnr-Diill. 


"■30 


27-4 


5-76 


Hi 




12 


Ditto. 


30 


2a'7 


SO 


2 


13 1| 


5 


Sawing mnchinely. 


25 


22' 1 


2ii 


2 


3 10 


7 


Paper-mill. 


•22 


21-3 


13-6 


3 


5 3 


7i 


Three-throw pumps, Crjatal 
Palace. 


20 


20 '6 


36 
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4 2i 
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Engineering machinery. 


20 


18-8 


15J 


2i 


6 101 
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6 H 


81 
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5 9| 


7J 


Ditto. 


20 


20-3 


36 




13 4 


4i 


Sawing maohinery. 


16 


19'0 
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3 ei 
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Ditto. New Zealand. 
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3 Of 
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I 'I 
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Com mill. 
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1 4 


5i 


Ditto. 
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3 111 
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3 3| 
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Ditto. 
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Ditto. 
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3 4i 
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Ditto. 


4 


4-5 


m'4 


1! 




*1 


Ditto. 
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Table 7.— Of the Power of Spub-Moetioe-Wheels, from Cases 

in Peactice. 



Nominal 
Horae-power. 


Revolu- 
tions 
per 
minute. 


Pitch 

in 

inches. 


Diameter 
of wheel. 


Width 
on the 
Face. 


Kbmabss. 


Actual. 


Calculated. 












a 


in. 


inches. 




42 


45 


■4 


22 


2f 


18 


3i 


6 


Centrifugal pump. 


30 


26 


•0 


24-5 


2i 


17 


2i 


5 


Ditto. 


30 


31 


■7 


45 


2i 


13 


m 


5 


Papier-mache works. 


25 


24 


•5 


25-5 


2i 


14 


4 


H 


Centrifugal pump. 


22 


18 


1 


26 


2 


14 


10 


4| 


Rope machinery. 


16 


20 


■0 


26 


2i 


13 


4iV 


H 


Engineering machinery. 


15 


16 


3 


30 


2 


12 


3* 


4i 


Agricultural ditto. 


15 


13 


'8 


25i^ 


2i 


3 


^ 


6 


Three-throw pumps. 


12 


14 


•7 


11 


2i 


6 


9 


6J 


Ditto. 


12 


17- 


1 


33 


2 


12 


3f 


4i 


Crape-weaving machinery. 


11 


10 


6 


34 


2 


2 


10| 


5| 


Three-throw pumps. 


10 


14 


5 


15-2 


2i 


5 


llf 


6 


Ditto. 


10 


12 


7 


16 


2i 


5 


If 


5J 


Ditto. 


8 


9 


•6 


16 


2 


5 


l| 


5| 


Ditto. 


8 


7' 





16 


2 


2 


llf 


5 


Ditto. 


6 


6 


3 


45 


n 


6 


H 


3| 


Envelope machinery. 


4 


4 


"6 


53 


n 


3 





3| 


Three-throw pump.^. 


4 


4 


4 


53 


H 


1 


3f 


3i 


Ditto. 


3 


3 


6 


65 


If 







3J 


Ditto. 


1 


1-3 


100 


H 





8i 


2* 


Washing machinery. 


274 


302-2 





Note. — ^The wheels in this tahle were all first-motion wheels to steam- 
engines. In many cases, the particulars given are not those of the wooil- 
toothed wheel itself, but those of its fellow. 

(41.) ^^ Power of Bevelnwheda" — The rules already given 
apply to bevel-wheels as to others, with certain modifications. 
Bevel-wheels, as we have stated in (26), have a maximum and 
a minimum diameter, and also a maximum and minimum pitch, 
and in calculating their power we must not use the reputed 
sizes which are always the maximum ones, but must ascertain 
and use the mean diameter and the mean pitch. Thus, say, we 
take the case of the wheel A, Fig. 12, with 30 revolutions per 
minute ; the maximum diameter is 8 feet 7 inches, but the 
TniniTmiTn diameter a is 2 feet 8 inches only, the mean is there- 
fore 3 feet 1 J inches, or 3 • 125 feet. Again, the maximum pitch 
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28 2^ inches, but ihe TninimiiTn is less in the ratio of the two 

2 • 5 X 32 
diameters 43 and 32 inches, it is therefore .^ — = 1 '86 

4:0 

inches : the mean pitch is therefore = 2 ' 18 

inches. With these reduced dimensions the power of the wheel 

by the rule in (37) comes out V 3*125 x 30 x 2 • 18* x 6 x 
•043 = ll*8-horse power. Table 8 gives the strength of bevel- 
mortice-wheels from cases in practice, which will also serve to 
llustrate further the mode of calculation. 



TabIiE 0. — Of the Power of Iron-toothed First-motion Spur- 
Wheels, to Water-Wheels, from Cases in Practice. 



No. 


Nominal 
Horse-power. 


Revo- 
lutions 

per 
Minute. 


Pitch 

in 
Inches. 


Diameter 
of Wheel. 


Width 
on the 
Face. 


Remabks. 




Actual. 


Calculated. 




1 
2 
3 

4 

5 
6 

7 
8 


60 
30 
24 

24 

18 
16 
15 
12 


44-2 
34-9 

20-7 

16-0 

181 
12-5 
19-7 
14-2 


3-64 
314 
5-09 

4-37 

6-00 
4-95 
3-00 
5-50 


3i 

3 

3 

2i 

2i 
2} 
3 

2f 


ft. in. 
18 
24 
10 Oi 

10 6 

12 3 

8 3f 
16 2 

9 9^ 


inchea 
12 
lOi 

8i 

6J 
6 
6 
6 


W. Fairbaim (internal). 

From Buchanan. 

Overahot-wheel. 
rToo weak, tooth broke 
\ twice, &c. 

Breast-wheel. 

Ditto (internal). 

From Buchanan, 

Overshotrwheel. 




199 


180-3 





(42.) Tables for calculating the Power of Wheels. — Tables 10 
and 11 have been calculated by the rules in (37), and will greatly 
facilitate the application of those rules to practice. The fol- 
lowing examples will illustrate the mode of using them : — Say 
we require the power of a wheel 5 feet diameter, 60 revolutions, 
2 inches pitch, 5 inches wide. Here P* x W is found by Table 
10 to be 20, and D x R being 5 x 50 = 260, we look opposite 20 
in the 1st col. of Table 11 for the nearest number to 250, and 
we find 256 under 14-horse power as an iron-toothed wheel, and 
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16-horse power as a mortice-wheel. Again, to find the proper 
pitch and width of a spur-mortice- wheel 14 feet diameter, 20 
revolutions, and 50 nominal horse-power, we have D x R = 14 
X 20 = 280, the nearest number to which, under 50-horse 
power, in Table 11, is 278, which is opposite 60 in col. 1 ; then 
looking for 60 in Table 10, we find the wheel might be 2J pitch 
12 inches wide, or 2^ pitch 9J inches wide, or 2£ pitch 8 inches 
wide, &c., &c. 

(43.) " Exceptioncd Oases'* — Some kinds of machinery require 
extra strong wheels to resist occasional and momentary strains 
to which they are subjected; see (55), &c. Thus a 4-ft. mill- 
stone takes 4-horse power only, but is found by experience to 
require with 125 revolutions a spur-mortice pinion 17f inches 
diameter, 2 in. pitch, 4f in. wide = 12 * 9-horse power, by the rule. 
Again, a rag-engine takes 6-horse power only, but is found to 
require with 160 revolutions a spur-mortice pinion 20 inches 
diameter, 2^ pitch, 5 in. wide = 25 • 5-hor8e power, &c. The 
main or first-motion wheels, however, need not be equal to 
the combined power of all the small driven ones ; thus 5 pairs 
of millstones require wheels of 36-horse power, see (56) ; and 
6 rag-engines, wheels of 66-horse power, see (58). 

(44.) " On the absolute Strength of Wheels** — There are many 
cases to which the preceding rules do not apply, cases where the 
speed or number of revolutions per minute is practically nothing, 
such for instance as the rack of a common sluice-gate and the 
main wheel of a crane. In these cases the absolute strength of 
the teeth is put to the test, and it may be useful to investigate 
the case generally ; we have here to deal with a dead pressure 
of so many pounds, &c., and may determine the necessary sizes 
of the teeth by the common rules for calculating the strength of 
materials. 

" Oram Wheels,*' dc. — Taking the case of the main wheel 
of a 10-ton crane, say 6 feet diameter with a barrel 1 foot 
6 inches diameter measured to the centre of the chain; 
the pressure at the pitch-line of the wheel is therefore 
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Table 11.— For Calculating 





Nominal Horse-powkr of Mobtick«Whreijs. 




1 


2 


3 


4 


5 


6 


7 


8 


10 


12 


14 


P«XW 

from 
Table 10. 


NolflNAL HOBSE-FOWEB OF IbON AND LbON WhBELS. 


•86 


1-7 


2-6 


3-4 


4-3 


5-2 


6-0 


7-0 


8-6 


10 


12 




Bevolutions peb Minutb, multipued Br Diameter m Feet. 


2 


100 


400 


900 


1600 


2500 


3600 


4900 


6400 








3 


44-4 


177 


400 


711 


1111 


1600 


2177 


2844 


4444 


6400 


8710 


4 


25 


100 


225 


400 


625 


900 


1225 


1600 


2500 


3600 


4900 


5 


16 


64 


144 


256 


400 


576 


784 


1024 


1600 


2304 


3136 


7 


8-2 


32 


73 


131 


204 


294 


400 


522 


816 


1175 


1600 


10 


4-0 


16 


36 


66 


100 


144 


196 


256 


400 


576 


784 


15 




71 


16 


28 


44 


64 


87 


114 


178 


256 


348 


20 




4-0 


9-0 


16 


25 


36 


49 


64 


100 


144 


196 


25 




2-6 


5-8 


10 


16 


23 


31 


41 


64 


92 


125 


80 






4-0 


7-1 


11 


16 


22 


28 


44 


64 


87 


35 






2-9 


5-2 


8*2 


12 


16 


21 


83 


47 


64 


40 








4-0 


6-3 


9-0 


12 


16 


25 


36 


49 


45 








3-2 


4-9 


7-1 


9-7 


13 


20 


28 


39 


50 








2-6 


4-0 


5-8 


7-8 


10 


16 


23 


31 


60 










2-8 


4-0 


5-4 


7-1 


11 


16 


22 


70 












2-9 


40 


5-2 


8-2 


12 


16 


80 












2-3 


31 


4-0 


6-2 


90 


12 


90 














2-4 


3-2 


4-9 


71 


9-7 


100 
















2-6 


40 


5-8 


7-8 


120 


















2-8 


4-0 


5-4 


140 


















2-0 


2-9 


4-0 


160 




















2-2 


31 


180 




















• • 


2-4 


200 




















• • 


• t 


225 




















• • 


• • 


250 




















• • 


• • 



22400 X 1 • 5 



= 5600 lbs. Let us admit that for safety where 



life is jeopardized, as in a crane, the safe-load shonld not be 
more than -j^^th of the breaking-strain, and that a cast-iron 
bar, 1 inch square and 1 inch long, fixed at one end and loaded 
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THE POWEB OF WHEELS. 



Nominal Hoesb-powek op Mokticb- Wheels. 


16 


20 


25 


30 


35 


40 


50 


60 


70 


80 


100 


125 




Nominal Horsb-poweb of Ibon and Ibon Wheels. 


14 


17 


22 


26 


30 


34 


43 


52 


60 


69 


86 


108 




Revolutions per 


Minute, 


MULTIPLIED BT DiAMETBR IN FeET. 


6400 
























4096 


6400 






















2090 


3265 


5100 


7346 


















1024 


1600 


2500 


3600 


4900 


6400 














455 


711 


1111 


1600 


2178 


2844 


4444 


6400 


8711 








256 


400 


625 


900 


1225 


1600 


2500 


3600 


4900 


6400 






164 


256 


400 


576 


784 


1024 


1600 


2304 


3136 


4096 


6400 




114 


178 


278 


400 


544 


711 


nil 


1600 


2178 


2844 


4444 


6944 


84 


131 


204 


294 


400 


522 


816 


1175 


1600 


2090 


3265 


5101 


64 


100 


156 


225 


306 


400 


625 


900 


1200 


1600 


2500 3906 


51 


79 


123 


177 


242 


316 


494 


711 


968 


1264 


1975 


3086 


41 


64 


100 


144 


196 


256 


400 


576 


784 


1024 


1600 


2500 


28 


44 


69 


100 


136 


178 


278 


400 


544 


711 


nil 


1736 


21 


33 


51 


73 


100 


131 


204 


294 


400 


522 


816 


1275 


16 


25 


39 


56 


76 


100 


156 


225 


306 


400 


625 


976 


13 


20 


31 


44 


60 


79 


123 


178 


242 


316 


494 


772 


10 


16 


25 


36 


49 


64 


100 


144 


196 


256 


400 


625 


71 


11 


17 


25 


34 


44 


69 


100 


136 


178 


278 


434 


5-2 


8-2 


13 


18 


25 


33 


51 


73 


100 


131 


204 


319 


4-0 


6-2 


9-7 


14 


19 


25 


39 


56 


76 


100 


156 


244 


3-2 


4-9 


7-7 


11 


15 


20 


31 


44 


60 


79 


123 


193 


2-6 


4-0 


6-3 


9-0 


12 


16 


25 


36 


49 


64 


100 


156 


2-0 


3-2 


4-9 


7-1 


9-7 


13 


20 


28 


39 


51 


79 


123 


• • 


2-6 


4-0 5-8 


7-8 


10 


16 


23 


31 


41 


64 


100 



at the other as a cantilever, breaks with 6000 lbs., which is the 
medium strength of cast iron. Assuming 2 inches pitch, 
6 inches wide, and using a small describing circle (19) for the 
purpose of obtaining a tooth strong at the root, we have, as in 
Fig. 4, a tooth 1 * 1 inch thick, 1^ inches long, loaded at the end 

D 2 
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with a weight W, and may determine the breaking weight by 

the rule — - — ^ = W, in which t = the thickness, B = 

the breadth, and L = the length of the tooth, all in inches, and 

W = the breaking weight in lbs. In our case this becomes 

1*1' y 6 y 6000 

-^^ — = 29000 lbs., and allowing that two teeth are 

in gear at the same time, we have 58000 lbs., the ratio of which 

to the real strain is ^--, = 10 • 3 to 1, which is suf&cient for 

obOO 

safety. 

(45.) ^^ Shrouded Wlieeh and Backs" &c. — The effect of 
shrouding is to reduce the acting length of the cantilever and 
thereby increase the strength of the teeth. We will take the 
case of a rack for a common waste-water sluice-gate, say all of 
oak, the gate 5 feet wide and 10 feet high, with the water level 
coinciding with the upper edge. The weight of a cubic foot of 
water being 62 ' 3 lbs. and the mean head of water 5 feet, or half 
the height of the gate, we shall have on 50 square feet area, 
62*3 X 5 X 50 = 15575 lbs. pressure from the water. Now 
with wet oak on oak the co-efficient of friction would be about 
• 7 or -nrths of the insistent weight on the gate, or in our case 
15575 X '7 = 10900 lbs., which is the strain upon the teeth of 
the rack. We may admit that for such a case as this the safe 
strain may be as much as ^th of the breaking weight. We will 
assume that the rack may be 2\ pitch, 5 inches wide, and that 
both the rack and its pinion are shrouded up to the pitch-line, as 
in Figs. 5, 6 ; the total length of tooth is 1| inches, and above 
pitch f inch; but, inasmuch as the tooth would most likely 
break along the curved line a a, the acting length to be taken 
is a mean of those lengths, or \\ inches. We may now proceed 
with the calculation as in (44) for ordinary teeth, and we have 

^x. ^ ^-u f*r ^ *!, ItV'x 5x6000 X 2 ..oaa iv 

the strength of two teeth, = -^^ -—— = 54200 lbs. 

1*25 

breaking weight, the ratio of which to the safe weight is 

54200 ^ ^ , . ^ . , 

^ = 5 to 1, as we determined. 
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(46.) " Absolute Strength of Ordinary Wheels'' — These rules may 
also be applied to ordinary wheels whose velocity is excessively 
small, and for which as stated in (38) the rules in (37) may not 
be applicable. Say we take the case of a pinion 3 feet diameter, 
3 J in. pitch, 10 inches wide, making only 3 revolutions per 
minute, and we have by the rule in (37) V3 X 3 x 10 • 6 x 10 
X • 043 = 13 • 5 nominal horse-power. 

The teeth by Table 3 would be 1 • 535 inches thick at the 
pitch-line, but using a small describing circle in forming them, 
we might obtain, say 2 inches as the thickness at the base, and 
the length of the tooth being 2*461, its breaking weight by the 

rule in (44) would be ^2i.l^-^^^^ = 97500 lbs., and if we 
^ ^ 2'461 

admit that two teeth are in gear at the same time, we have the 

strain of 196000 lbs. at the pitch-line, or 19500 lbs. safely. The 

circumference of 3 feet being 9*4 feet, the velocity is 9*4 x 3 = 

28*2 feet per minute, and the nominal horse-power being 

by (2) 33000 x 1 * 5 = 60000 foot-pounds, the wheel will carry 

19600 X 28-2 ,, ... 1 • . ^ ^iQ K 

^^,.^ - = 11 nominal horse-power only, instead of 13 • 5- 

5UUU0 

horse power, as foimd by the rules in (37). 

But this rule for absolute strength will not apply to high or 

even to moderate velocities. For instance, with 27 revolutions, 

this same pinion would appear by this rule to be 99-horse power, 

and at 75 revolutions, 275 1 1 horse-power ; whereas by the rules 

in (37) the power comes out only 40 and 67 horse-power 

respectively. At 4*5 revolutions, or a velocity of 42 feet per 

minute, the two rules coincide, that is to say for 3^ pitch, as in 

our present case. 

(47.) ''Absolute Strength of Shrouded Wheels."— ILet Figs. 5 
and 6 represent the sections of the rim of a wheel, say 2 feet 
diameter, making 5 revolutions per minute ; then the breaking 

weight of two teeth would be Im12SA^^^JL3 = 54200 lbs., 
or 5420 lbs. safe strain, and the velocity at pitch-line being 
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31*4 feet per miniite, the nominal horse-power comes out 

5420 V 31*4 

^t^t^ttt; — = 3*4 horse. The relative absolute strength of 

50UU0 

shrouded and unshrouded wheels is governed by the acting 
length of the teeth in the two cases, and admitting the propor- 
tions given by Fig. 6, or 1^ to If, the absolute strength of 
shrouded wheels is about 40 per cent, greater than that of 
ordinary ones. 

(48.) ^^ Absolute Strength of Mortice- Wheels '* — ^It appears by 
(37) and (40) that at high, and even at moderate velocities, 
mortice-wheels are rather stronger than iron-toothed ones, but 
their absolute strength at low velocities is very much less. The 
transverse strength of hornbeam, the wood commonly used for 
mortice- wheels is about -j^ the strength of cast iron; a cantilever 
1 inch square and 1 inch long will, therefore, break with 
6000 X '3 = 1800 lbs., (see 44.) Say we take the case of a 
tooth of a wheel 3 inches pitch, 10 inches wide ; by Table 3, col. 
11, the wood-cog would be 1*8 inches thick, its length 1*716 
inches, and its breaking weight by the rule in (44) 

1-8* X 10 X 1800 „.^^^,, -D X . X ^1, -^1, XI, 

=-=T-;; = 34000 lbs. But an iron tooth with the same 

1-716 

pitch, would have a thickness of 1*414 inches, and a length of 

2*28 inches, and its breaking weight by the same rule would be 

1-414* X 10 X 6000 .^^QA lu XI, X. V • .XI.. 
1^^ -^ = 52630 lbs., the ratio bemg in this case 

2-28 ^ 

— -— = 1*55 to 1. We have here assumed that the iron tooth had 
34000 

the same thickness at the root as at the pitch-line, but by using 

a small describing circle (19) the thickness at the root might 

easily be increased to say 1*7 inches, and the breaking weight 

1*7* X 10 X 6000 
would then become ^r-^- = 76000 lbs., and the ratio 

of the strength of iron and mortice- wheels of the same pitch 

76000 
would be ^TTTTTTT- = 2 • 23 to 1. 
o4000 
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CHAPTER III. 



ON SHAFTS. 



(49.) ^^ Power of Shafts" — ^The principal strain to wJbicL shafts 
are subjected is that of torsion. The strength of a cylindrical 
shaft to resist torsion varies as (2^, and is independent of the 

length, but the torsional stiffiiess varies as j-; and it is necessary 

to consider both the strength and stiflSiess in fixing the proper 
size for a shaft. A shaft may be strong enough to resist the 
torsional strain upon it without twisting asunder, but it may be 
so elastic because of its great length as to be wholly unfit to 
drive any kind of machinery in which steadiness of motion 
is essential ; or, on the contrary, a shaft may be stiff enough to 
do its work because of its extreme shortness, but its strength may 
not be sufficient to resist the twisting strain. 

(50.) Before proceeding to apply any rules for fixing the 
sizes of shafts, it is necessary to consider the conditions imder 
which they are commonly found. Let Fig. 18 be an outline 
diagram of a Steam-Engine, having its piston A, say 1 foot 
diameter, and 2 feet stroke, with a pressure of 20 lbs. per square 
inch, and let the speed be 40 revolutions per minute. 

Omitting all considerations of loss by friction, &c., let us see 
what happens in making 1 revolution. The piston moves twice 
the length of the cylinder, or 4 feet, and the area of 12 inches 
diameter, being 113 square inches, the power exerted is 113 x 
20 X 4 = 9040 foot-pounds, and the strain on the crank-pin at 
J is about 113 x 20 = 2260 lbs. But the weight B will not be 
the same as the strain on the crank-pin, although the drum C is 
the same diameter as the crank-path D, because while the piston 
moves twice the diameter of the crank-path, or 4 feet, the weight 
B ascends once the circumference of the same, or 3 * 14 x 2 = 6 * 28 
feet, and the weight B will be less than the strain on A, in the 
ratio of 4 tcf 6 • 28. 
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The power exerted by the piston in raising the weight B 
varies with every change of position of the crank ; at F and 6 it 
is nothing, and at H J it is greater than B in the ratio given. 
The fly-wheel E obviates these irregularities, absorbing the 
extra power at H and J, and giving it out again at F and G ; 
but it is evident that the shaft K has a greater strain upoi^ it 

than the shaft L in the ratio —7- = 1 ' 57 to 1, and must be 

4 

made stronger to resist it, although the horse-power is the same 
in both cases. Thus the strain on the piston is 113 x 20 = 2260 
lbs., and the work done, 2260 x 4 x 40 = 361600 foot-pounds ; 

the weight B is ^^„ = 1440 lbs. nearly, and the work dond in 

raising it is 1440 x 6-28 x 40 = 361600 lbs. nearly, op jfche 
same as the work done by the piston. 

(51.) It becomes necessary, therefore, to make a distinction 
between steam-engine crank-shafts and ordinary ones. The 
absolute strength of a shaft varies as we have stated in (49) 

a9 (P, and we have the rules — ir= — = P ; — = — = d*; and 

iu. Xi 

J8 v^ "D 

— — — = M: in which P = the nominal horse-power; d = the 

diameter in inches ; and M = a constant derived from experience. 
The value of M for cast-iron crank-shafte of steam-engines 
has been given by. Buchanan at 400, and for large engines say 
30 horse-power, this agrees very well with ordinary practice. 
Wrought iron being stronger than cast iron for a torsional 

400 X 9 
strain, in the ratio of 14 to 9, we have — -^z — = 260 as the 

14 

value of M for wrought-iron crank-shafts to steam-engines. 

Ordinary shafts will have a lower value for M in the rsitio 

of 1 to 1 * 57, as we have seen ; and for cast and wrought iron 

shafts, these become -— == = 254 for cast iron, and -—;::= = 160 
' 1-57 1-57 

nearly for wrought iron. 

(52.) These rules will do very well for large shafts, say 
over 4J- inches diameter, but with smaller sizes, although ilie 
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abMnte torsional strength may be sufficient, the elasticity or 
angle of torsion becomes so great, that other rules, in which 
sti&ess as well as strength is considered, become necessary. 

We have stated that the stiffness is governed by -=- ; but if we 

allbw that the angle of torsion may be proportional to the 

length, which may be admitted in most cases, tiie power will be 

in the ratio of d* simply, and the length may be disregarded (59). 

We have, then, the rules for ordinary wrought-iron shafts, 

d* X B X -00135 = P and ^--^ = d*; in which P = 

E X '00135 

nominal horse-power, d = diameter of the shaft in inches, and 

E = revolutions per minute ; and thus we have calculated the 

nuknbers below 4^ inches in Table 12, which gives the diameter, 

&c., &c., by inspection. 

To avoid a multiplicity of figures, we may adapt the same 

table to other kinds of shafts, for the power carried wiU be 

inversely proportional to their respective multipliers ; thus, a 

IfiO 
cast-iron crari^-shaft will carry only r^ = • 4 of the power of 

an ordinary wrought-iron shaft under otherwise similar condi- 
tions of speed, &c., and multiplying the upper numbers by '4, 
we obtain the corresponding horse-power of cast-iron crank- 
shafts, as per Table 12. The multipliers for ordinary cast-iron 
shafts, and for wrought-iron crank-shafts, ^e foimd to be re- 
spectively 254 and 260, or practically the same value, and they 
are assumed to be equal in the table. 

(53.) Calculating for various sizes, it will be found that with 

4| inches diameter both sets of rules give the same result ; but 

p 

below that size the rule .=r 7^7777^ = d* gives much the larger 

B X '00135 

diameter, and should be used for that reason. Above 4f the 

M X P 

rule — ^ — = d® gives the largest sizes, and should be used 

E 
instead of the other. The fact that the strength and the stiffiiess 
foUow different laws, necessitates the use of two sets of rules. 
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Above 4f inches, shafts whose absolute torsional strength is 
sufficient to carry the power will be stiff enough to do their 
work properly; but below 4f, in order to obtain the proper 
sti&ess, the diameter must be larger than necessary to yield 
the required torsional strength. Table 12 has been calculated 
by the two sets of rules, in accordance with these principles. 
Thus, with 16-horse power and 60 revolutions, a common 
wrought-iron shaft must be 3f diameter, but if of cast iron, the 
diameter must be about 4^ inches ; a steam-engine crank-shaft 
for the same power and speed must be 4^ inches diameter in 
wrought iron, or 4f inches in cast iron, &c. A cast-iron shaft 
9 inches diameter and 22 revolutions, would suffice for the crank- 
shaft of an engine of 40-horse power, or as an ordinary shaft for 
64-horse power. The same shaft in wrought iron would have 
done for the crank-shaft of an engine of 64-horse power, or as a 
common shaft for 100-horse power, &c., &c. 

(64.) " Exceptional Ciise«." — These rules and table for steam* 
engine crank-shafts are strictly adapted only to ordinary cases 
where the pressure on the piston is nearly uniform; but fre- 
quently high-pressure steam is used very expansively, and while 
the horse-power is governed by the mean pressure, the shaft has 
to bear a much higher or maximum pressure at the commence- 
ment of the stroke. Thus, say we had an engine of 20 nominal 
horse-power, 50 revolutions, and 45 lbs. steam, with a wrought- 
iron shaft: — in ordinary cases such an engine would require 
a shaft about 4|^ diameter, the mean pressure being pretty 
nearly 45 lbs. But if this engine were required to work expan- 
sively and to cut off steam at ^rd, the mean pressure would be 
reduced to 27 lbs., and the piston must be larger, to compensate 
for that reduced pressure in the ratio of 45 to 27, and the maxi- 
mum pressure at the commencement being still 45 lbs., we have 

20 V 45 
a strain at that moment equal to — ^= — = 33-horse power, the 

size of shaft suitable to which we find by Table 12 to be 5^ 
inches diameter. 

With a high-pressure, expansive, and condensing engine, the 
mean pressure of 45 lb. steam cut off say at ^th would be 21 lbs., 
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7300 
5300 
3950 
3000 
2310 

1815 

1445 

950 

650 

455 

330 
245 
185 
145 
115 




8760 
6360 
4740 
3600 
2780 

2180 

1734 

1140 

780 

546 

396 
294 
222 
174 
138 

108 
90 

77 
66 
58 

50 
44 
39 
35 
28 



10220 
7420 
5530 
4200 
3240 

2541 

2023 

1330 

910 

637 

460 
843 
259 
203 
161 

126 

105 

90 

77 

67 

59 
52 
46 
41 
83 



23 

19 

15-6 

13-2 

11-4 

9-6 
72 
5-6 



27 

22 

18 

15-4 

13-3 

11-2 
8-4 
6-5 



11680 
8480 
6320 
4800 
3700 

2904 
2312 
1520 
1040 
728 

580 
392 
296 
232 
184 

144 
120 
102 

88 
77 

67 
59 
52 
46 
38 

30 
25 
21 
18 
15 



13 

9-6 
7-4 



13140 
9540 
7110 
5400 
4170 

3267 
2601 
1710 
1170 
819 

590 
441 
888 
261 
207 

162 
185 
115 
100 
86 

76 
67 
59 
52 
42 

84 
28 
28 
20 
17 



14 
11 
8-8 



14600 

10600 

7900 

6000 

4680 

3630 
2890 
1900 
1800 
1100 

660 
490 
870 
290 
230 

180 
149 
128 
111 
96 

84 
74 
65 
58 
47 

38 
81 
26 
22 
19 



16 
12 
9-8 



17520 

12720 

9480 

7200 

5560 

4360 
8470 
2280 
1560 
1280 

790 
588 
444 
848 
276 

216 
180 
154 
133 
115 

101 
89 
78 
70 
56 

46 
37 
81 
26 
23 

19 
14 
11 
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lich, added to 13 lbs. yacTiTim makes a total of 34 lbs., and the 
le of the piston is governed by that pressure ; but at the com- 
moement of the stroke, we have a pressure of 45 -f- 13 = 58 lbs., 



id the power exerted at that moment is 



20 X 58 
34 



= 34 horse, 



i the diameter of the shaft should be 5^ inches. The ratio 
the maximum to the mean power is in both cases 1 * 7 to 1, and 
31X1 this we obtain col. 2 in the following table, which also 
ows the agreement of the rule with cases in practice : — 



Nominal horse- 






Diameter of 




power. 


Revo- 


Steam 


Wrought-Iron Shaft 






lutions 


Cut off 




Kino of Engikb, 


Mean. 


Maximum. 






Actual. 


Calculated. 




9 


15-3 


50 


i 


4J 


H 


Condensing. 


12 


20-4 


50 


i 


4f 


4| 


Ditto. 


20 


34-0 


50 


i 


5i 


5i 


Ditto. 


45 


76-5 


40 


i 


^ 


7f 


Ditto. 


10 


17-0 


60 


i 


H 


H 


Non-condensing. 


25 


42-5 


40 


i 


6 


Qi 


Ditto. 



(65.) There are also many exceptional cases even with ordi- 
iry shafts. For instance, a common 4-feet millstone, grinding 

bushels of com per hour, and making 125 revolutions per 
dnute, requires about 4-horse power, and would require for 
lat, a wrought-iron spindle about 2^ diameter. But it has been 
rand necessary in practice to increase the diameter to say 
inches in wrought iron, or 3f in cast iron, which by the table 
I equal to 12 or 13 horse-power. The reason for this is, that 
36 momentum of the heavy millstone causes a surging action, 
rhich creates an excessive but irregular strain, which must be 
irovided for by an extra strong shaft. 

Again, a circular saw requires an extra strong spindle ; thus a 
:ft. 6 in. saw, making 470 revolutions, requires 10-horse power, 
mt has a spindle 2^ inches diameter, which by the table is 
qnal to 16-horse power. 

A rag-engine, used in paper-mills for grinding rags to pulp, 
squires about 6-horse power, makes 160 revolutions, and has a 
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cast-iron spindle 4 inches diameter, which per table is equal 
to 36-horse power. 

There are doubtless many other kinds of machinery in which 
excessively strong shafts are found by experience to be necessary. 
Marine-engine screw-propeller shafts on the contrary seem in 
practice, to be be made somewhat smaller than our ordinary 
rules would give ; see Appendix, page 80, where special rules 
are given for calculating their strength. 

(56.) Where a number of these extra strong shafts are woi;ked 
by one main general one, it is not necessary in most cases tb 
make the latter equal in power to. the whole combined poweor of 
the driven shafts, for the following reason : — The extraordinary 
strain, to meet which, extra strength is given, occurs only occa- 
sionally and irregularly, and is not likely to occur at one and the 
same moment in all the small shafts. For instance, if we had 
five pairs of 4-feet millstones in a line, worked by bevel-wheels 
from one long shaft, the nett power required would be 5 x 4 = 
20-horse power ; but the power of the five spindles, as we have 
seen, would be 12 x 5 = 60-horse power. The main shaft need 
not, however, be equal to 60-horse power, for the reason just 
given ; say we admit that two out of the five pairs of stones are 
taking for the moment each 12-horse power, and the rest the 
normal amount of 4-horse power each. Then the first lengtib of 
shaft next the engine, &c., should be equal to (12 x 2) + (3 x 4) 
= 36-horse power ; and if the speed be taken at 30 revolutions 
per minute, the diameter, per table, would be 5f inches in 
wrought iron. After passing the first pair of stones, the power 
would be (12 x 2) -(- (2 X 4) = 32-horse, and the dian^ter 
6]^ inches; the next length would be (12 x 2) -f- (1 X 4) = 28- 
horse power and 5;^ inches diameter, the next 12 x 2 = 24 
horse and 5 inches diameter, and the last 12 horse and 4^ inphes 
diameter. 

(67.) Millstones require very uniform motion to do good 
work, and for that reason it is not advisable to put more than 
five or six pairs in a line to be driven by one shaft, as in ihat 
case the proper stiffiiess cannot be obtained without using eaces- 
sively large sizes, much greater indeed than our table would 
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give. This objection to a long shaft maybe oyerruled in a great 
measure by the use of an extra fly-wheel at the extreme end of 
it, and where the speed is slow, and the size of fly-wheel exces- 
sive in consequence of that £a.ct, it may be placed on a quick- 
running second-motion shaft, &c. The objection to a long shaft 
does not apply so strongly to cases where the stones are driven 
by straps instead of wheel-gearing; in that case the stones 
act as fly-wheels to themselves, which the elasticity of the 
strap-arrangement allows them to do. 

(58.) The same reasoning may be applied in fixing the sizes 
of long main shafts to rag-engines, saw-mills, &c., &c. In the 
ease of rag-engines the excess of power in the shaft is very great, 
being 36 — 6 = 30-horse power each. This excess of strength 
is required when a large and compact mass of fresh rags gets 
by carelessness or accident under the roll. This, however, 
seldom happens, and certainly never in more than one rag- 
engine at one time. We may therefore admit that 30-horse 
power should be added to the real nett power on the shaft 
throughout. Bag-engines are usually driven in pairs from one 
wheel or pair of wheels close together on the main shaft ; say 
we had three pairs, requiring an engine of 36-horse power. 
Then the first length next the engine must be equal to (6 x 6) 
-f- 80 = 66-horse power ; and if the speed be equal to 25 revo- 
lutions per minute, the diameter by Table 12 would be 7J 
inches. After passing the first pair, the power is reduced to 
(4 X 6) -}- 30 = 54-horse power and 7 inches diameter ; and 
the next and last is (2 x 6) -|- 30 = 42-horse power and 6^ 
inches diameter. Table 18 gives the sizes of shafts in practice, 
with the calculated sizes for comparison. 

(59.) If it be not admitted, as we assumed in (52), that the 
angle of torsion may be allowed to increase with the length, but 
that, on the contrary, all shafts, whether long or short, should 
be equally stiff, then the diameters necessary become very great. 

The rule would in that case take the form ^ = #, 

and taking the valile of M approximately at 15, the diameter 
necessary for, say, 30-horse power and 150 revolutions for the 
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lengths 60, 100, 200, 300 feet, come out 3^, 4^, 5, 6^ inclies 
respectively. Such a degree of stiffiiess is in most cases unne- 
cessary, and if it be deemed indispensable, it can be obtained 
more economically by using a shaft of moderate size, say 3^ 
inches diameter by Table 12, and fixing a fiy-wheel at the 
extreme end of the shaft itself, or on a quick running counter- 
shaft, as in (57). 

The weight of round and square shafts of wrought iron is 
given by the following Table. 

Table of the Weight of Round and Square Shafts of Wrought 

Iron, 1 foot long. 



Size in 


Weight in lbs. 


Size in 
luches. 


Weight in lbs. 


Size in 
Inches. 


, Weight in lbs. 


Inches. 
















Round. 


Square. 




Round. 


Square. 




Round. 


Square. 


1 
If 


•042 


•053 


21 


18-2 


23-2 


7i 


139 


177 


1 




•166 


•211 


21 


20 


•0 


25 


5 


^ 


149 


190 


i 




•372 


•474 


H 


21 


'9 


27 


•9 


7i 


159 


203 


^ 




•662 


•843 


3 


23 


'8 


30 


3 


8 


169 


216 




1 


•03 


1-32 


3i 


28 


■0 


35 


•6 


8J 


180 


229 


1 


1 


'49 


1^90 


3* 


32 


•4 


41 


3 


Si 


191 


244 


i 


2 


03 


2-58 


3| 


37 


•2 


47 


•4 


8i 


203 


258 




2 


•65 


3-37 


4 


42 


•4 


54 


•0 


9 


214 


273 


ji. 


3 


'35 


4-27 


4i 


47 


•8 


60 


•9 


9i 


227 


288 


4 


14 


5-27 


4* 


53 


•6 


68 


•2 


9J 


239 


304 


H 


5 


00 


6-37 


4f 


59 


•7 


76- 





9i 


252 


320 


n 


5 


•97 


7-58 


5 


66 


•2 


84' 


3 


10 


265 


337 




7 


00 


8-90 


5i 


72 


•9 


92 


9 


lOJ 


292 


372 


i| 


8' 


11 


10-3 


5* 


80 


1 


102- 




11 


320 


408 


H 


9 


31 


11^8 


5f 


87 


•5 


111 




llj 


350 


448 


2 


10 


'6 


13-5 


6 


95 


3 


121 




12 


381 


486 


2i 


11 


'9 


15-2 


6i 


103 




132- 




12i 


414 


527 


2f 


13 


4 


17^1 


6* 


112' 




142' 




13 


447 


570 


2^ 


14 


9 


19-0 


6i 


121- 




154 




13J 


483 


614 


2* 


16^5 


211 


7 


130* 


165 • 


14 


519 


661 



ON COUPLINGS FOR SHAFTS. 



(60.) " Oouplinga" — Shafts are not often made more than 20 
feet long, from the difficulty and inconvenience in making and 
fixing them. There are three principal forms of coupling com- 
monly used for round shafts — the solid coupling, with lap- 
joint ; the flange ; and the claw coupling. 
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" Solid Couplings.'* — The solid coupling shown by Fig. 28 is 
perhaps the best of all for small shafts up to, say, 4^ or 5 inches 
diameter; for large shatts they become clmnsy and heavy. 
Table 14 gives the general proportions of these couplings with 



Table 14. —Of the PEoroETioNS of Solid Half- 


LAP Couplings. 




Diameter of 


Thickness of 


Diameter of 


Length of 


Length of 






Shaft 


MetaL 


Coupling. 


Coupling. 


Lap. 






inches. 


inches. 


inches. 


inches. 


inches. 






1 


1 


3 


5i 


1 






IJ 


IJ 


4i 


6f 


n 






2 


1| 


5J 


8i 


If 






2i 


2 


6J 


9i 


2i 






3 


2i 


7i 


lOi 






H 


2| 


8i 


m 


n 






4 


2* 


9 


13J 


3i 






H 


2f 


9f 


14| 


H 






5 


2f 


10^ 


151 


4 





» 



» 



5> 



cast-iron boxes, and is calculated by the following rules: — 

VTx 1-26 = t;'Dx 1-5 = L; and {d x '75) + -25 = I; in 
which 

d = diameter of shaft in inches. 

D = „ of coupling „ 

t = thickness of metal 
L = length of coupling 

Z = length of lap 

This kind of coupling requires thoroughly good workmanship, 
especially in the fitting of the lap-joint; the coupling-box is 
secured in position by a hollow key, like Fig. 19. The angle 
or bevel of the joint should be about 1 inch per foot, and may 
be conveniently described by striking the arcs c d and e f from 
the point A with a radius of 6 inches, and setting off J inch 
above and below the centre line, &c., as in the figure. 

One great advantage in these couplings over most others, 
is their safety; there are no projecting bolts, &c., as in the 
flange coupling, to catch the dress of workmen or work- 
women, or to become entangled with a strap which comes off 
accidentally ; another is, that when turned and polished, they 
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are easQy kept clean ; find there &re no bolts to shake loose in 
working, &o,, &o. 

(61.) "Flange Couplings." — The fiange conpling shown by 
Fig. 29 is a common and useful kind for small and medium 
shafts, up to about 6 inches diameter. Table 15 gives the 



Table 15 


—Of the Proportiob of Flange Couplings. 


I.t™.t.r 


Dl«ii*fr 


Thik 


Diumfl^t 


'^C" 


No nr 


l)i 


DlAiuewr 


^tZ^ 


ol FUuiBe. 


•'""^ 


olIW 


ItolM. 


Pfxv' 


"' BillB."^ 




lucb». 


incliei. 










iBcbn. 


1 


5 




2 


2 




i 


3i 


I' 


P 


^T^ 


^ 
H 


l> 




1 


4i 

a 


2i 


»i 


V« 


5 


■6i 




i 


H 


3 


n 


1 


a 


i 




1 


9t 


3J 


m 


1 
1 


■J 


H 




1 


9J 


4 


11 


8 







1 


11 


H 


ISi 


1 


H 


k 


ti 


1 


IH 


5 


17 


2 


Si 


6 




1^ 


lai 


" 


20 


'ii 


111 


7 


& 


ll 


i(i 



general proportions ; for good work the; should be tutned all 
over, and in any case the two internal faces must be turned to 
fit together properly ; the bolt-holes must be drilled out truly 
to match one another, and the bolts must he turned parallel 
throughout, and fit well. To keep the two shafts in line with 
each other one of them should enter the opposite half-coupling, 
say i inch in the smallest sizes, | inch in medium ones, and i^ 
inch in 6-inch shafts, &a. As these couplings depend for their 
driving power entirely on the key, that part of the work 
must be well and firmly done ; each half shoidd be secured by 
a souk key as in Fig. 21, driven from the inside before the 
coupling is put together, and cut off fiush, &c, ; and the face 
should he turned true in its place after Uie coupling has been 
keyed on the shaft. 

(62.) There is one objection to the use of solid and flange 
couplings, more especially for large shafts, namely, their 
rigidity, and want of accommodation in case of bad a^nstment 
in fixing, where the perfectly straight line is not maintained, or 
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in other cases where one of the bearings has accidentally wont 
down considerably more than the rest. With small shafts this 
is not very important, because a light shaft will spring, and so 
adjust itself to such irregularities ; a heavy shaft may be too 
stiff to do so, and for that reason heavy shafts more particularly 
require a yielding coupling, like the following. 

(63.) " Claw Coupling.'* — The claw coupling shown by Figs. 
30, 31, should be used for shafts above 6 inches diameter; 
indeed, there is no reason why it should not be used for small 
sizes also. When fitted together by chipping, &c., in the usual 
way, they are very expensive, and require good workmanship ; 
but the expense of this fitting may be entirely avoided by 
casting one half upon the other. In that case one half is cast in 
sand, &c., in the usual way, and this casting being imbedded in 
the sand, with the wooden pattern locked into it, a mould is taken 
from the pattern in the usual way, and the second half is cast 
upon the first. A perfect fit is thus obtained without labour, 
and the metal is chilled and wears longer, so that this form of 
coupling is the cheapest of any. Of course, the first haK must 
be cQ^ited with founder's blacking where the molten metal of 
the second half comes in contact with it, to prevent adherence. 
The shrinkage will be suf&cient to enable the two halves to be 
separated when necessary, but they should be locked togeihei^y 
and so bored to ensure parallelism. This kind of coupling 
requires well securing to the shaft by good sunk keys, like 
Fig. 21. 

BEARINGS FOB SHAFTS. 

(64.) ^^Plummer- Blocks or Pedestals,'* — There are many 
modem variations in the form and general proportions of plum« 
mer-blocks; but altogether we think the old-fashioned fona 
shown by Figs. 34 and 35, and moderate proportions, as given 
by Table 16, are the best for general purposes. For special 
purposes these proportions may require modification; for in- 
stance, where the pressure is very heavy the length may require 
to be increased to obtain more area. (See 65.) Some engineers 
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Table 10.— 01 the Pbopobtiohb of pLnmrea-BLocKB. 



«— 


Lmelhot 


HelebtU 


LonglhQf 


O„tr™of 


"US- 


Si.«.CHol« 


oflteartnB. 


B^orlog. 


aaUo. 


Sole. 


II..l|W™i, 




ft! BulW. 


fnchPB. 


inohHi. 


fncUffl. 


ft. In. 


a In 


Inchea. 


in In 


li 


2i 


a 


9 


7 


i 


*'xr 


■i 


3 


2 


10^ 


8 


I 


Ixli 


91 


3* 


3i 


1 


9 


f 


ixli 


8 


4 


3 


1 li 


10 


JXlJ 


3i 


H 


3 


1 3 


11 


i 


|xi* 




6 




1 4 


1 


i 


1 X U 

lixlf 


*i 


Gi 


4 


1 6 


1 1 




51 


?i 


5 


J I' 


I 3 

1 4i 


\l 


II 5 i. 




7 




I lOi 


1 5 


n 


!|5i} 




S 


Tj 


2 1 


1 7 


u 




9 




2 5 




li 


a x!i 


9 


10 




2 6i 


2 


li Two 


Ux2! 


iO 


11 
12 


10 
11 


2 8 
2 10 


2 1 
2 3 


It ;: 


'm 


12 


13 


12 


3 


2 4 


2 „ 


21X3 



have adopted very long bearingB li^ times or eTen twice tlie 
diameter ; Bach proportions are ezcossiTely heavy and espeuBire, 
and in most cases tmneoessary. The principal strain on a shaft 
is nsually a toTBional one, and the weight comparatiTely light ; 
an exoeseiTely wide bearing for snch a case is a nseless expense ; 
it is better, therefore, to adopt moderate proportions for general 
pnrpoees and to make special vide bearings for exceptional 
cases. In &ct, the width of the bearing should not be governed 
by the diameter, but by the load or weight which the shaft haa 
to carry. In oases where the upward pressure is great the hold- 
down bolts may require to be much stronger than in Table 16, 
and they should be provided with double nuts, as at B, or 
better still, a double-headed key embracing both nuts at once 
may be used ; but where the upward strain is very great the form 
shonld be altogether different, such as not to depend wholly on 
bolts for safety and permanence. 

(65.) "Preemre per Square Inch on Bearingg." — ^It has be^ 
found by espetience Aat when the pressure pet square inch 
exceeds a oertain amount, the oil or other lubricant is squeezed 
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out, the contact becomes that of metal mth metal, the beftring 
heats, and abrasion ensues in spite of even constant lubrioation. 
The direct experiments of Bennie show that with wrought iron, 
or steel on cast iron, the friction increases rapidly when the 
pressure exceeds 5^ cwt. per square inch, and with cast iron cm 
brass, 7 cwt. per square inch. But the most trustworthy datii 
may be obtained from cases in practice ; this is done in Table 17, 
which shows that the pressure on bearings is very variable m 



Table 17. — Of the Pbessuee on Bearings in Practice." 



size of Bearing. 



Diam. 



inches. 

a 

5 

5» 
4* 
3i 

2? 
2i 

2i 
2 

n 

3 

8 



Length. 



inches. 
11 

5 

6i 

4* 
3J 
3 

21 
24 
2i 

^ 
3i 
3* 
5f 



Weight on Bearing. 



Total 



Per 

square 

inch in 

pounds. 



lbs. 




23500 


140 


18800 


141 


32520 


458 


16260 


414 


27720 


505 


13860 


435 


8550 


460 


5182 


366 


3712 


312 


2993 


304 


6411 


768 


4564 


611 


14175 


572 


11000 


718 


8930 


203 


8930 


660 



KiKD OF Work ix>kb. 



Fly-wheel shaft of 60-horse engine. 

Ditto 40 aitto. 

Crank-pin of 80-horse low-pressure engine. 
Link beaiing ditto aitto ditto. 

Crank-pin 60-horsfe ditto ditto. 

Link bearing ditto ditto ditto. 

Ditto 60-horse double cylinder ditto. 

Ditto 40 ditto ditta 

Ditto 30 ditto ditto. 

Ditto 22 ditto ditto. 

Crank-pin 10 high-pressure ditto. 

Ditto 6 ditto ditto. 

Ditto 35 ditto ditto. 

Bow of deep-well pump to steam-engine beam. 
Head of sling to three-throw pumps. 
Pin of ditto ditto. 



practice. It may be as high as 750 lbs. per square inch^ and 
yet work tolerably well with proper lubrication j but in most 
cases it should not exceed 500 lbs., and where it can be done 
consistently with moderate dimensions the lighter the pressure 
and the better for the durability of the work. The power con- 
sumed by friction is not increased by increasing the length of 
the bearings, and a wide bearing wiU wear longer and can be 
more easily kept ^ool thm a shpyt o»e. With very high yeloci- 
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ties the pressure per square inch should be very light indeed^ 
otherwise it will be impossible to keep the bearing from heating. 
(66.) ^^ Distance between Bearings," — The number and posi- 
tion of bearings must be regulated by the position of the wheels 
or riggers on the shaft. In all cases the bearings should be as 
near as possible to the coupling, wheels, &c., &c. But sometimes 
a long shaft may have no gearing upon it for many feet, and the 
distance between the bearings must be fixed with reference to 
the stiffness of the shaft itself. We may admit that a 2-inch 
shaft, unloaded except by its own weight, may have bearings 
10 feet apart, and allowing that the .deflection may be in all 
cases proportional to the distance between bearings, we have the 

rule (b X 16 Y = L», and *^' = D ; in which D = the 

diameter of the shaft in inches, and L = length between 
bearings in feet. Table 18 is calculated by this rule, but it 
must be understood as applying only to cases where the shaft 
has only its own weight to carry. 

(67.) It is sometimes impracticable to get a bearing close to 
a wheel or rigger ; in that case the shaft should be swelled, as 
in Fig. 24, in which the parts A and £ are made of the diameter 
necessary by Table 12 to carry torsionally the horse-power 
required, and the central part, carrying the wheel C, is made of 
much larger diameter, as in the Figure, so as to obtain the 
requisite stifi&iess. No rule for the central diameter can be 
given for such cases ; it must be left to the judgment of the 
engineer. 

When a wheel, &c., overhangs the end bearing of a shaft, as 
in Fig. 25, the neck bearing D has not only to bear the tor- 
sional strain but also the transverse strain of the wheel, which 
tends to wrench the end off. In such cases the bearing D 
should be made of larger diameter than the rest of the shaft £, 
as in the Figure, and between D and E the shaft may have the 
tapered form shown. In such cases the bearing E should be 
touch closer than given by Table 18, say about Jrd of that 
distance; otherwise the shaft might spring between D and E, 
&nd the requisite steadiness of the wheel, &c., would not be 
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obtained. This is specially important in the case of a hevd 
wheel, where a spring in the shaft would affect the position of 
the teeth in gear with one another. 

Table 18.— Of the Distance between BEARiiraB of Unloaded 

Shaftp,* 



Diameter of the shaftl -, 
in inches / 

Distance between bear-V g.g 
ings in feet . . . . /j 



IJ 
8-3 



10-1 



2i 



11-713-2160 



5 



18-621-0 



23-2 



8 
25-4 



OBANK SHAFTS FOB PTJMPS. 

(68.) " Crank Shafts for S-throw Pumps" — The strength of a 
3-throw crank, Figs. 26, 27, mast be calculated to resist two 
distinct strains to which it is subjected ; one being the weight 
on the buckets due to the head of water, plus the weight of the 
rods, &c., which tends to break the crank transversely as a 
beam ; and the other, the torsional strain, which tends to twist 
it asunder. In most ordinary cases the diameter required for 
the torsional strain is the greater of the two, but where the dis- 
tance between the two bearings, A B, i& greater than usual, the 
diameter necessary to resist the transverse strain may be the 
greater. The only safe course is to calculate the diameter for 
both strains, and adopt the one which comes out the largest. 

The size of the main bearing A may be determined by the 
rules already given, or by Table 12, the end bearing may be rather 
smaller, as it has no torsional strain to resist. From the peculiar 
form of a 8-throw crank, the torsional strain on the sling bearings 
C . D . E is greater than that on the main bearing A, in the ratio 
of 1*73 to 1, the diameter must therefore be greater in the 

ratio ^ 1 * 73 or 1 * 2 to 1, so that a crank whose main bearing 

A is 5 inches, will have its sling bearing 5 x 1*2= 6 inches 
diameter, &c. 

Wrought iron is by far the most trustworthy material for 
8-throw cranks, but the expense of forging is very great, large 
cranks, 6 or 7 inches in diameter, costing Is. per pound from the 
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forge, and as it is impossible to forge them very near the required 
form, the rough weight and the cost come out greatly in excess 
of that due to the exact sizes. For this reason, cast iron is ybobj 
generally used for cranks, and when made of the proper sizes 
there is not much risk of failure with fiEiir work ; very small 
cranks are usually made of wrought iron. Table 19 giyes the 
proper sizes of cast and wrought iron cranks by inspection, 
but those sizes it should be observed are for torsional strain 
only. Table 20 gives the particulars of cranks in practice, 
with the calculated sizes for comparison. Many of the cases 
given are of large size, and they have been at work successfdlly 
for years. 

Table 20. — Of Theee-thbow Cranks in Pbactice. 



Horse- 


Gallons 

per 
Minute 


Head in 
Feet* 


DiAMBTES OF BkAKINGS. 


Revo> 
lutions 

per 
Minute. 




power, 
Work 


Actual. 


Calculated. 


Material. 


Done. 


Main. 


Sling. 


Main. 


Sling. 


• 


60-6 

46-4 

36-5 

27 

25-7 

16-3 

13 


800 
600 
400 
450 
314 
250 
250 


250 
255 
301 
200 
276 
215 
170 


9 
9 
7J 

7J 
6 

6J 


10 

10 

9 

7J 
9 

7 
7J 


8-6 

8-0 

7-45 

6-46 

7-18 

5-9 

6-3 


10-3 
9-5 
9-0 
7*76 
8-64 
7-0 
7*6 


15 

15 

141 

16 

11-14 

20 

13 


Wrought iron. 
Ditto. 
Ditto. 
Ditto, 
pitta 
Cast iron. 
Ditto. 



(69.) In calculating the diameter to resist the transverse strain 
the proper method will be best illustrated by an example. Say 
we have a set of deep-well 3-throw pumps, with barrels 9 inches 
diameter, 2 feet stroke, and 15 revolutions per minute, fixed in 
a well 200 feet deep, and raising water to a total height of 
330 feet. The modulus of the pumps by Table 1 being '66 



we have 



260 X 10x380 „^ Q. ,. , , 37-8 

= 37'8 indicated, or 



= 25 nomi- 



33000 X -66 ' 1-6 

nal horse-power, and by Table 19 we should require with cast 
iron, a crank 7^ inches diameter at the main bearing and 9 inches 

* The head given includes the friction of the long delivery-pipe. 
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at the sling bearings, as shown by Figs. 26 and 27 ; but with 
wrought iron, the diameter would be 6^ inches, and 7 • 8 inches 
respectively. These are the diameters for the torsional strain* 

(70.) In calculating for the transverse strain, say the pumjH 
rods are 1:|^ inch diameter and each 200 feet long ; their weight 
will be 2400 lbs., which being about equally distributed along 
the length of the beam is equal to a centre load of 1200 lbs. 

The head of water can be on two buckets only at one time, 

because one is always descending unloaded; the central one^ 

having an area of 63 * 6 square inches, and a column of water 

1 foot high, giving a pressure of '4327 lb. per square inch, 

will have upon it a load of 63-6 x -4327 x 330 = 8892 lbs. 

K the end sling is half-way between the centre of the crank and 

the main bearing (which is usually nearly the fact), then the 

load on it being also 8892 lbs. may be reduced to an equivalent 

8892 
central load of = 4446 lbs., so that the combined central 

load is 8892 + 4446 = 13338 lbs. To this has to be added the 
weight of the rods which we found to be 1200 lbs., and also 
the extra weight of pump-rod joints, and of the crank itself, say 
600 lbs., making thus a total of 13338 + 1200+600 = 16138 lbs, 

(71.) A round bar of cast iron, 1 inch in diameter and 1 foot 
long, breaks with 1334 lbs. in the centre; a wrought-iron one 
breaks or is crippled with 2000 lbs. The distance between 
the main bearings A and B is in our case 4 feet 6 inches, as 
per Fig. 26, and allowing that the working load on a crank 
should not be more than -j^^th of the breaking weight, we have 



^( 



■-^- 



16138 X 10x4-6 



] = 8 inches diameter in cast iron, 



1334 

whereas for the torsional strain we found the diameter necessary 
to be 9 inches, and of course the larger size must be adopted. 
With wrought iron the diameter of the central sling bearing to 



3 



• wi, ^ ^- X4./ /'15138 X 10 X 4-6\ 

resist the transverse strain comes out V I -—._-- I = 

\ 2000 / 

7^ inches, instead of 7 • 8 inches as found necessary for the tor- 
sional strain, and here again the larger size must be used. It 
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will be evident £rom the foregoing illustration that if for any 
reason the distance between the bearings A and B in Fig. 26 
had been much more than 4 ' 5 feet, the diameter necessary to 
resist the transverse strain would have been greater than that 
required for the torsional strain ; but in most cases, cranks have 
nearly the proportions we assumed, and the sizes are governed 
by the latter. 

(72.) In Table 19 the power of cranks is given for very small 
powers; this is necessary to adapt the table to cases where 
animal power is used. The real power of an ordinary horse^ 
^specially when walking in a circle and raising water by pumpg 
(estimating that power in useful work done) is very much below 
the standard horse-power of 33000 foot-pounds, see (4), and of 
course the power of a mule or ass is still less. Table 2 gives 
the power of horses, &c., raising water by deep-well pmnps, 
which varies with the duration of the labour. Thus when 
working with pumps eight hours per day, an ordinary horse 
gives *354 and an ass *098 horse-power. But the TnaximuTn 
power exerted for a few moments occasionally under the whip, 
<&c., may be much greater than this; in fact, the maximum 
power of a horse is four or five times the mean power, and if the 
machinery was of such a character as to resist a rapid increase 
in velocity, the strength of shafts, wheels, &c., would have to 
be adapted to that maximum power. Pumps will give way 
partially under these circumstances, and we may allow the 
maximum to be double the mean power. Thus the horse will 
give • 354 x 2 = • 708 horse-power, and with 21 revolutions 
would require, by Table 19, a cast-iron crank 2^ inches diameter 
at the main bearing, and 3 inches at the sling ; and an ass would 
give a maximum of '098 X 2 = '196, say '2 horse-power, re- 
quiring with fifteen revolutions a cast-iron crank 2 inches at 
the main, and 2 * 4 inches at the sling bearings, or a wrought* 
iron crank If and 2 ' 1 inches diameter, &c., &c. 
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CHAPTEE IV. 



ON BIGGERS OB PULLETS. 



(73.) ^'Driving Power of Biggers or FuUeys^ — Let A, Fig. 13, 
be a rigger or pulley fixed so as to be incapable of turning, and 
T t weights suspended by a strap, E, whicb passes round the 
pulley, and may be caused to embrace it more or less by a small 
guide pulley D. Let now the weight T be increased until the 
fnction of the strap is overcome, and it slips on the pulley, the 
weight T descending. 

The ratio between T and t varies — 

1st. With the co-efficient of friction of the material of the 
strap E sliding on the material of the pulley A. 

2nd. With the p'oportion which the arc of the pulley embraced 
bears to the whole circumference of the pulley. 

(74.) It is independent of the breadth of the strap so long as 
T and t remain the same, but inasmuch as T and t, or the strain 
on the strap, may increase with the breadth, this must not be 
understood to mean that a narrow strap will drive as much as a 
wide one ; for other things remaining the same, the strain, ^nd 
therefore the driving power, varies directly and simply as the 
breadth. 

The ratio between T and t is also independent of the diameter 
of the pulley, other things remaining the same; thus, for 
instance, a strap which slips on a pulley 1 foot diameter, with a 
weight of 1 cwt at one side, and 2 cwt. at the other, would do 
the same on a pulley 10 feet or any other diameter, the surfaces 
being similar. This appears contrary to our instinctive 
notions, but is quite correct, as I have proved by experiment. 
But this must not be understood to mean that a small pulley 
will carry as much power as a large one, for obviously, if both 
are set in motion, making the same number of revolutions per 
minute, the relative speeds of strap would be proportional to the 
diameters, and the power would vary in the same ratio. 
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(75.) The laws by which the proportion of the entire circum- 
ference embraced by the strap governs the ratio of the weights 
T t are very complicated. 

Let F = the co-efficient of friction. 
„ L = length of circmnference embraced, in feet or inches. 
„ E = radius of the pulley, in the same terms as L. 
„ T = the greater weight in Fig. 13, &c., or the maxiTnum 

tension. 
„ t = the lesser do. do. minimnm 

tension. 

F.L T 

Then T = tx (2-718)'^^ and t = re* These formul© 

(2-718)^ 

cannot be worked except by logarithms, and they then take the 

following forms : — 

Log T = Log ^ + ^-4343 x ^) and Log < = Log T - 



(•4843 X ?#). 



From Morin's experiments the co-efficients of friction, or the 
values of F, are as follow : 

• 47 for leather straps in ordinary working order on drums of wood» 

• 28 do. , do. cast-iron* 

• 38 do* soft and moist do. do. 

• 50 cords or ropes of hemp on pulleys or drums of wood. 

It appears from Morin's experiments that with cast-iron 
riggers the driving power is the same whether they are turned 
or not, the adhesion of the strap to the polished surface gene- 
rating as much friction as with a rough surface. 

(76.) If we take the case of a strap in ordinary working ordei? 
on a cast-iron rigger the value of F will be • 28, and calculating 
for the four cases shown by Figs. 14, 15, 16, 17, in which the 
circumference is successively J, ^, |, and wholly embraced, we 
find by the first formula that while t = 1 in all cases, T becomes 
successively 1*553, 2*41, 3 '77, and 5*81, as in the Figures* 
Table 21 is calculated in this way, and gives throughout the 
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value of T when < = 1, for different kinds of surface of rigger 
and states of strap. 

Wlien a rope is used, and it is wound more than once round 
the drum, the frictional power is enormous; thus, with a 
rough wooden drum and a rope 2*5 times round it, with < = 1, 
T is 2575, &c., &c. 

(77.) ^^Biggers in Motion.** — We have so far considered thei 
rigger as fixed; we will now apply the foregoing facts to the 
case of riggers in motion. The mechanical conditions of a 
driving rigger with half its circumference embraced by the 
strap are shown by Fig. 36, in which we have, as before, the 
rigger A and the weights T and t, as in Fig. 15, where we found 
them to be respectively 1 and 2 *41. But in this case, the rigger 
A being free to turn, the weights T and t being imequal, there 
would be no equilibrium without an additional weight at Q, and 
supposing the drum J to be of the same diameter as the pulley 
A, it is self-evident that the sum of Q and t must be equal to T, 
therefore T - < = Q, or 2-41 - I'O = 1-41 = Q. 

The mechanical power transmitted by the strap, supposing Q to 
be raised by a rope coiled round the drum as a hoist or windlass* 
is the difference between T and t, and Q might be increased indefi- 
nitely, if wo could increase T and t indefinitely in the non^al 
proportion ; there is, however, a limit to which this can be done, 
namely, the cohesive strength of the strap by which the heaviest 
weight, T, is carried. Where leather is used we can obtain the 
requisite cohesive strength by increasing the width of the strap, 
or by making it a double or treble one, and this width must in 
all cases be proportional to T, and not to t or to Q. 

In Fig. 36, G may represent the engine-shaft, H its crank, 
and F the power which is equal to Q. It will be observed that 
the weight C, or pressure on the bearings due to the tension on 
the two straps, and also the maximum tension T, is much greater 
than the power F or weight Q. 

(78.) If the weight Q had been 1 • 0, the maximum tension T 
would evidently have been yt^T ~ ^ '"^Ij ®^^ *^® minimum ten- 
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10 

sion t, -—77 = ' 71, and thus we obtain tlie strain in Fig. 37 ; 
1*41 

this is the most useful form in which the question can be put, 

as we thus obtain the proportional maximum strain or width of 

strap for a unit of power at F. 

With a wooden drum the friction of the surfaces is greater, 

iand the strains for the weight Q are different, as is shown by 

Fig. 38. Here for < = 1 we find by Table 21 that T is 4 • 38, 

and hence Q = 4-38 - 1= 3-38, as in the Figure. For Q orP 

= 1, we should have T = ^-^ =1-29, and t =q7q5= '29, &c., 

as in Fig. 39, so that with the same power, F, a strap 1 ' 29 inch 
wide on a wooden drum would do as well as one 1 * 71 inch wide 
on a cast-iron one, as in Fig. 87. 

(79.) The case of a rigger of cast iron, with more or less than 
half the circumference embraced by the strap, is shown by 
Figs. 40-43. 

Thus in Fig. 40 the arc embraced being -j^, Table 21 shows 

(col. 7) that T = 1-42, and t being 1-0, Q will be 1-42 - 1 = 

1-42 
•42, as in the Figure. For Q = 1 we have T = -^^ = 3-38, 

and « = -- = 2-38, as in Fig. 41. 

With a crossed strap, as in Fig. 42, the arc embraced being 

-j^^ths of the circumference, we have T = 3 '43 by Table 21, < = 1, 

3*43 
and Q = 2 '43 ; and hence with Q = 1 we obtain T = . -. = 

2*43 

1-41, and / = ^ ., = '41, &c., as in Fig. 43. 

2 '40 

•Gomparing Figs. 37, 39, 41, and 43 together, it will be seen 

that with the same engine-power the breadth of strap would be 

in the ratio 1-71, 1-29, 3-38, and 1-41.* 

♦ Morin makes the proportional width of strap very different to the 
above, namely, inversely, as Q in Figs. .36, 38, 40, and 42, and Table 21 ; 
this will bo shown by our figures, &c., to be an error, the breadth of strap 
must obviously be proportional to the maximum tension T, and not to the 
weight lifted Q, or the power P. 
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(80.) " On the Power of BiggersJ' — In applying these rvim to 
practice, we might find the safe cohesive strength of leathei:^ 
gutta-percha, or other material by direct experiment, or we 
might calculate it from a satisfactory case in practice. Thus 
let Fig. 37 represent an engine of 5-horse power, making 60 
revolutions per minute, with equal cast->iron riggers 5 feet dia- 
meter and a single leather strap 7 inches wide. Taking the 
nominal horse-power at 33000 x 1 * 5, or 50,000 foot-pounds (2), 
and the circumference of a 5-feet rigger being 15 • 7 feet, P and 

therefore Q will be :r^-= ^tt = 318 lbs. ; from this we find 

15-7 X 50 

the maximum tension on the tight side of the strap, or T, to be 

318 X 1*71 = 544 lbs., and the tension on the slack strap, or 

t, is 318 X '71 = 226 lbs. The strain on the two bearings 

C in Fig. 36 is 544 + 226 = 770 lbs. ; the maximum strain 

.544 
on the strap is -=- = 78 lbs. per inch wide, or say 310 lbs. per 

square inch of section with leather ^ inch thick. 

(81.) It will be more convenient, however, for practice to put 
the formula into another form, and obtain the necessary constant 
from experience. Let d = diameter of rigger in inches, w a 
width of strap in inches, K = revolutions per minute, H = 
nominal horse-power ; M = a constant multiplier from practice, 

then = =M; - — ^ = w?; ttf = H; = 

H 'dxB ' M wxB 

, M x H ^ 

= d ; and — = K. 

• a X w 

Thus to find the value from the case we have just given, the 

r^o 1^<4^ = M becomes 52jl7xiO = 4200. This 
H o 

applies only to the case in which the circumference is half 

embraced by the strap ; if the strap had been a double one, we 

should have taken 2 w, &c. 

We have seen (78) that the breadth of strap is in all cases 

T 

proportional to -^ ; taking the values of these from cols. 5 to 8 
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in Table 21, we obtain the numbers in Table 22, and from tbem 
we can find the proper breadth of strap in any case. Thus, we 

Table 22.— Of the Pbopobtional Width of Steaps. 



Arc em- 
braced by 
the Strap. 



•2 
•3 

•4 
•5 
•6 
•7 
•8 
•9 
L-0 

a) 



Power. 
Q. 



1 
1 
1 
1 
1 
1 
1 
1 
1 















(2) 



Cast-iron Riggers. 



3 
2 
1 
1 
1 
1 
1 
1 
1 



38 
44 
98 
71 
53 
41 
32 
26 
21 

(3) 



2 
1 



38 
44 
•98 
•71 
•53 
•41 
•32 
•26 
•21 

(4) 



Woodoi Drams. 



2 
1 
1 
1 
1 
1 
1 
1 
1 



25 
•70 
•44 
•29 
•20 
•14 
•10 
•07 
•05 

(6) 



1-25 
•70 
•44 
•29 
•20 
•14 
•10 
•07 
•05 

(6) 



found that a 5-horse engine, with a 5-feet rigger making 50 

revolutions, required a strap 7 inches wide, when -5 of the 

circumference was embraced ; then, by col. 3 in Table 22, with 

7 y 3*38 
•2, the breadth must be — r--=j — = 13*8 inches. With '2, '3, 

1'71 

•4, -5, -6, and -7, the breadth comes out 13-8, 10 -0, 8-29, 

7 • 0, 6 • 28, and 5 • 77 inches respectively. 

(82.) Table 23 is an embodiment of these rules, -Soc, ; and by 
it we can find w, P, K, or d, by inspection, for arcs between • 3 
and * 7, which is suf&cient for most cases in practice. 

1st. To find the breadth, having the horse-power, revolutions, 
diameter, and arc embraced given, multiply the diameter in inches 
by the revolutions, and opposite the given horse-power look for 
the nearest number thereto, above which and opposite the given 
arc, will be found the breadth of strap required. Thus, for 
10-horse power, with a 5-feet rigger, only -^3 embraced and 100 
revolutions, we may find the proper width of single strap, 
thus : — d X B is in our case 60 x 100 = 6000, which is found 
opposite 10-horse power in col. 1, under 10 inches wide for cast- 
iron riggers, or 7 inches wide for a wooden drum, those widths 
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Table 28.— Of the Deivikg Poweb of 



Batio of the arc 












embraced to whole 










Width of Strap, nr 


circumference. 












•3 


•99 


149 


200 


2-48 


300 


3-48 


•4 


•84 


1^27 


1-69 


211 


2^53 


2-95 


•5 


•75 


1^14 


1^51 


1^89 


2^27 


2-65 


•6 


•70 


1-06 


141 


1-76 


211 


2-46 


•7 


•67 


l^OO 


1^34 


1^67 


2^01 


2-34 








Width 


OF Strap, 


IK Ikches, fob Cast- 


•3 


1-43 


2^14 


2^86 


3-58 


4-29 


5-00 


•4 


1-18 


1-78 


2^37 


2^96 


3^55 


414 


•5 


1-00 


1^50 


2-00 


2-50 


300 3-50 


•6 


•89 


1-34 


I 79 


2-24 


2^69 3-14 


•7 


•82 


1-23 


1-65 


2^06 


2-47 2-88 

1 



Nominal Horse-Power. 






DiAlfETEB OF BiGGEB, IK IkC 




'Single 


Double 


SE8, MULTI* 


Leather 


Leather 














Strap. 


Strap. 














1 


2 


4200 


2800 


2100 


1680 


1400 


1200 


2 


4 


8400 


6600 


4200 


3360 


2800 


2400 


3 


6 


12600 


8400 


6300 


5040 


4200 


8600 


4 


8 


16800 


11200 


8400 


6720 


5600 


4800 


5 


10 


21000 


14000 


10500 


8400 


7000 


6000 


6 


12 


25200 


16800 


12600 


10080 


8400 


7200 


7 


14 


29400 


19600 


14700 


11760 


9800 


8400 


8 


16 


33600 


22400 


16800 


13440 


11200 


9600 


10 


20 


42000 


28000 


21000 


16800 


14000 


12000 


12 


24 




33600 


25200 


20160 


16800 


14400 


14 


28 




39200 


29400 


23520 


19600 


16800 


16 


32 






33600 


26880 


22400 


19200 


20 


40 






42000 


33600 


28000 


24000 


25 


50 








42000 


35000 


30000 


30 


60 








50400 


42000 


36000 


35 


70 








58800 


49000 


42000 


40 


80 










50000 


48000 


50 


100 










70000 


60000 


60 


120 










84000 


72000 


70 


140 










98000 


84000 


80 


160 










• • 


96000 
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PaGGERS or Pulleys, with Leather Straps. 



Inches, for Wooden Druhs. 



4-00 


4-47 


5-00 


6-00 


7-00 


8-00 


9-00 


10-00 


12-00 


3-78 


3-80 


4-22 


5-06 


5-91 


6-75 


7-60 


8-44 


10-13 


3-03 


3-41 


3-79 


4-55 


5-30 


6-06 


6-82 


7-58 


9-09 


2-81 


3-17 


3-54 


4-23 


4-94 


5-64 


6-34 


705 


8-46 


2-67 


301 


3-44 


4-01 


4-68 


5-35 


6-02 


6-69 


8-03 



IRON Riggers, Turned or Unturned. 












5-72 


6-43 


7-15 


8 58 


10-00 


11-44 


12-87 


14-30 


17-16 


4-74 


5-33 


5-92 


7-11 


8-29 


9-48 


10-66 


11-85 


14-22 


4-00 


4-50 


5-00 


6-00 


7-00 


8-00 


9-00 


10-00 


12-00 


3-58 


404 


4-86 


5-38 


6-28 


7-17 


8-07 


8-97 


10-76 


3-30 


3-71 


412 


4-95 


5-77 


6-60 


7-42 


8-25 


9-90 



PLIED BY Revolutions per Minute. 



1050 


934 


840 


700 


600 


525 


467 


420 


350 


2100 


1868 


1680 


1400 


1200 


1050 


934 


840 


700 


3150 


2802 


2520 


2100 


1800 


1575 


1401 


1260 


1050 


4200 


3736 


3360 


2800 


2400 


2100 


1868 


1680 


1400 


5250 


4670 


4200 


3500 


3000 


2625 


2335 


2100 


1750 


6300 


5604 


5040 


4200 


3600 


3150 


2802 


2520 


2100 


7350 


6538 


5880 


4900 


4200 


3675 


3269 


2940 


2450 


8400 


7472 


6720 


5600 


4800 


4200 


3736 


3360 


2800 


10500 


9340 


8400 


7000 


6000 


5250 


4670 


4200 


3500 


12600 


11208 


10080 


8400 


7200 


6300 


5604 


5040 


4200 


14700 


13076 


11760 


9800 


8400 


7350 


6538 


5880 


4900 


16800 


14:)44 


13440 


11200 


9600 


8400 


7472 


6720 


5600 


21000 


18680 


16800 


14000 


12000 


10500 


9340 


8400 


7000 


26250 


23350 


21000 


17500 


15000 


13125 


11675 


10500 


8750 


31500 


28000 


25200 


21000 


18000 


15750 


14010 


12600 


10500 


36750 


32690 


29400 


24500 


21000 


18375 


16345 


147C0 


12250 


42000 


37360 


33600 


28000 


24000 


21000 


18680 


16800 


14000 


52500 


46700 


42000 


35000 


30000 


26250 


23350 


21000 


17500 


63000 


56040 


50400 


42000 


36000 


31500 


28020 


25200 


21000 


73500 


65380 


58800 


49000 


42000 


36750 


32690 


29400 


24/)00 


-84000 


74720 


67200 


56000 


48000 


42000 


37360 


33600 


28000 
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being in botli cases opposite * 8, the given arc. If tlie rigger 
had been half-embraced, the width would have been 7 and 5*3 
inches respectively. With a double strap, opposite lO-horse 
power in coL 1, 6000 will be found under 6 inches wide for 
cast-iron riggers, and 3*48 inches for wooden drum *3 em- 
braced, &c. 

2nd. To find the power that a strap will carry ; opposite the 
given arc look for the nearest width of strap, and under that find 
the number nearest to d x ^, opposite to which in column 1 or 2 
will be found the horse-power. Say we require the power of a 
6-inch strap on a pair of equal cast-iron riggers, 4 feet 3 inehes 
in diameter with 110 revolutions. With equal riggers the arc 
would be * 5, and we should have 51 x HO = 5610, the nearest 
number to which under 6 inches wide is 5600 opposite 16**hor8e 
as a double strap, or 8-horse as a single one. 

Again, to find the power of a 4-inch crossed strap on a CBfit- 
iron rigger, 8 feet diameter, 130 revolutions, the arc being say 
•6. The nearest width opposite the arc '6 is 4*04 mches, 
looking under which for 36 x 130 = 4680 we find the nearest 
number to be 4670 opposite lO-horse power with a double strap, 
or 5 horse with a single one, &c. 

(83.) The best way of ascertaining the arc embraced in any 
particular case is to draw the outlines of the two riggers at the 
given distance of centres to scale, and measuring by steps ¥dth 
the compasses the length of strap in inches in contact with the 
rigger ; dividing this by the whole circumference will give the 
arc required : see the examples given in column 6 of Table 24, 
&c. The arc required is always that on the smallest rigger of 
the pair. 

With a pair of riggers of unequal dimensions and of the same 
material the strap will slip first on that rigger whose arc em- 
braced by the strap is the smallest ; with an open strap this is 
always the smallest of the two, except where the conditions are 
altered by a guide pulley ; in calculating the power of riggers, 
therefore, the small rigger should always be taken as a datum. 
With a crossed strap, whatever may be the relative diameter of 
the two riggers, the arc embraced will be the same for both, and 
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of course it is unimportant whicli is taken as the basis of 
calculation. 

(84.) Table 24 gives tbe particulars of many pairs of riggers 
in practice ; the cases of failure are particularly instructive ; 
column 11 shows that in all the cases failure might have been 
expected. Thus No. 1 required a lOJ-inch double leather strap, 
and a 6-inch gutta-percha one failed to do the work. In No. 2 
a larger rigger was substituted, a 7-inch double leather strap 
should have been used, and the 6-inch gutta-percha one did the 
work badly. No. 4 failed with a 9-inch single strap to do the 
work for which a 14-inch single or 7-inch double strap was 
required. No. 6 required a 10-inch single or 6-inch double 
strap, and failed to do the work with a 6-inch single strap. 
No. 8 required a 13-inch single or 6J-inch double strap and 
failed with an 8-inch single strap, &c* It will be observed that 
in cases Nos. 1 and 11 the difficulty was overcome by using 
larger riggers ; and in cases No. 4, 6, and 8 by converting the 
single strap into a double one. Circular saws and some other 
kinds of machinery require extra strength of strap, as shown by 
No. 18. and explained in (55), &c. 

The rules and Table we have given apply strictly to leather 
straps only ; leather is every way the best material, and is not 
likely to be permanently superseded by the new materials, gutta- 
percha, india-mbber, &c. 

Table 24 shows that the power of a gutta-percha strap -j^ or 
% inch thick is from 25 to 50 per cent greater than that of a 
single leather one. We found in (80) that in practice leather 
straps bear about 810 lbs. per square inch of section, and we 
may allow that gutta-percha will bear about 400 lbs. From 
direct experiments the cohesive strength of gutta-percha is 
15 cwt. or 1682 lbs. per square inch, as shown by Table 25, 
which also gives the extensions by different weights. It will 
be observed that with weights greater than 8 cwt. per square 
inch the extensions increase rapidly, showing that the material 
is overstrained ; the Table gives the mean result of two ex- 
periments. 
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Table 24.— Of the Dbiving-poweb of Riggebs 



Xo. 


Nominal 
HoM*-- 
power. 


Diameter of the 
Two Kiggers. 


Distance 
of Centres. 


Arc on 

Smallest 

Rigger. 


Berolntlon 

of Smallest 

Rigger. 


Arrange- 
mentof 




1 

Driver. 


Driven. 


Strap. 


1 


10 


n. in. 
5 


ft. in. 
2 G 


ft in. 
8 


•446 


80 


Open 


2 


10 


7 


3 G 


8 


•424 


80 


Ditto 


3 


10 


10 


2 5 


30 


•472 


165 


Ditto 


4 


12 


7 


7 


32 


•58 


86 


Crossed 


5 


12 


7 


7 


32 


•58 


36 


Ditto 


6 


6 


5 


5 


9 3 


•5 


40 


Open 


7 


6 


5 


5 


9 3 


•5 


40 


Ditto 


8 


18 


12 6 


3 6 


20 


•424 


152 


Ditto 


9 


18 


12 G 


3 G 


20 


•424 


152 


Ditto 


10 


18 


G 3 


1 3 


19 G 


•457 


770 


Ditto 


11 


3 


1 3 


2 


12 


•49 


90 


Open 


12 
13 


3 

20 


2 

9 


3 2 
5 


12 
IG 


•48 
•457 


90 
65 


Ditto 
Ditto 


14 


12 


10 


3 


16 6 


•43 


113 


Ditto 


15 
IG 
17 


12 
12 
10 


3 

10 

G 


4 9 

3 

4 5 


11 
14 
14 6 


•473 

•42 

•6 


100 

133 

49 


Ditto 
Ditto 
Crossed 


18 


10 


4 3 


2 2 


11 3 


•6 


463 


Ditto 


19 
20 
21 


10 
6 
6 


8 ' 5 
7 3 6 

9 3 G 

1 


20 
13 
11 


•476 

•46 

•416 


64 
106 
128 


Open 
Ditto 
Ditto 



PBOPOBTIONS OF BIGGEBS. 

(85.) " The Proportions of Arms, dc, of Bigger s J* — The nmn- 
ber, form, and strength of the arms, &c., of riggers is important, 
not only as a matter of taste, but also as a£fecting the safety in 
casting, for if the proper proportion between the strength of the 
arms and rim be not preserved, one or other is very likely to 
fly in cooling or to give way when set to work. Curved arms 
are the safest in this respect, tbeir form permitting them to give 
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Particulars of Strap. 


Calculated 
Width of Strap. 


Remarks. 


Width. 


Material. 




inches. 
6 

6 

6 

9 
9 

6 
6 
8 
8 
6i 

6 

6 
9 

9 

8 
6 
7 

4 

9 

5i 
5J 


Gutta-percha 

Ditto 

Ditto 

Single leather 

Double ditto 

Single ditto 

Double ditto 

Single ditto 

Double ditto 
/Gutta - percha\ 
\ AtWck / 

Single leather 

Ditto 
Double leather 

Ditto 

Ditto 
Ditto 
Ditto 

Ditto 

Gutta-percha 

Ditto, i thick 
Single leather 


lOi^ double 

7 ditto 

4^ ditto 

14 single 
7 double 

10 single 

5 double 
13 single 

6^ double 
7f single 

9^ ditto 

6 ditto 

11 double 

5} ditto 

7J ditto 
6 ditto 
71 ditto 

3| single 

5J double 
6| single 
5| ditto 


^Failed entirely, riggers made 

\ larger. See No. 2. 

1 Badly, required resin, and gave 

\ trouble. 

TDrove well, circular 3 ft. 6 in. saw. 

\ Same engine as No. 1. 

|Failed, strap altered to double 

\ one. See No. 5. 

Drove well. 

^Failed, strap altered to double 
\ one. See No. 7. 

Drove well. 

(Failed, strop altered to double 
\ one. See No. 9. 

Drove well. 

( Drove, but not well. Same engine 
\ as No. 8, &c. 

/Failed, riggers made larger. See 
\ No. 12. 

Drove welL 

TDrove well, riggers lagged with 
\ wood. 
Drove well. 

Ditto. 

Ditto. 
( Ditto, extra strong, for 4ft. 6in. 
\ circular saw. 
Drove well. 

Ditto. 

Ditto. 



way and allow the rim to contract in the casting. The particular 
curves to be used are arbitrary to some extent, depending on 
taste ; a good form is shown by Fig. 32, and may be described 
as follows : — ^Draw the line A • B, and the line C . D perpendi- 
cular to it ; from the point E on the line A * 6, with a radius 
of ^th the diameter of the rigger, draw the curve F, and from 
the point G in the line C . D, with a radius j^th of the diameter, 
draw the curve H, and we thus obtain the centre lines of one of 
the arms. 
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Table 25.— Of tho Cohbsivb Strength and Elasticity of Old 

Gutta-Pbecha Straps, &c. 



strain 

per 

Square 

Inch in 

Cwts. 


Length. 


Extension 
perCwt 


Per- 
manent 

Sett 


Strain 

per 

Square 

Inch hi 

Cwts. 


Length. 


Extension 
perCw^ 


Per- 

fP4iTimt 


Sett 



1 
2 
3 

4 . 

5 

6 

7 



8 


1-000 
1-007 
1014 
1-021 
1-029 
1-040 
1-051 
1-064 
1007 
1-075 


-000 

•007 

-007 

-007 

-00725 

-008 

-0085 

•00914 

-00937 


•007 


9 
10 
11 


12 
13 
14 


15 Broke. 


1-100 
1-120 
1-142 
1-029 
1-182 
1-210 
1-265 
1-064 
1-287 


-0111 

•012 

•013 

•0152 
•0161 
•0190 

•0192 


•029 
•064 



(86.) Straiglit arms are generally preferred to curved ones, 
and when properly proportioned will cause no trouble from 
contraction in casting. The best form of section of the arm is 
an oval, but should not be a true ellipse, which has a heavy 
appearance ; it should be drawn with a single curve having a 
radius about fths of the width of the arm, and the thickness may 
be half the breadth, as in Fig. 33, the sharp points at A and B 
being rounded off. The number of the arms is arbitrary, but in 
most cases four will suffice for diameters under 18 inches, rix 
may be used up to 8 or 9 feet, and eight for larger diameters. 

(87.) " Strength of Arms.'' — Admitting that the thickness of 
arm is in all cases half the breadth, as in Fig. 33, its strength 
will vary as the cube of the breadth, and we have the following 

1 d X vj . d X w ,.. , . 1 

rules, ^r= — y = B® and :r= — = 6", in which — 

Nx 4 N X 8 

d = the diameter of the rigger in inches. 

w = width on the rim of ditto, in ditto. 

B = breadth of arm at base, in ditto. 

h = breadth ditto point, in ditto. 

N = number of arms. 

Table 26 gives a general comparison of this rule witli ap- 
proved proportions of riggers in practice. 
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(8a) " Strength of tke Metal round the Eye."—'Tho Btrength ttf 
metal iu the bosB Taries sot only with the diameteT of the 
ri^er, but also with the size of the shaft. Pnttmg D for the 
diameter of the rigger in feet, d for the diameteT of the shaft 
in inches, and t for the thickness of metal in ^ths of ut ischi 
we have the rule D -{■ d+ 5 = I, Table 27 has been calcnlated 
by this lule, which has been found to agree very well with 
practice. The proper size of key and fonn of key-boBB, &c, fia 
riggers may be found by reference to Chapter V. 

the ExB o[ 
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(89.) The esperimeuts of Morin show, as we have eeen (76), 
that the power transmitted by cast-iron riggers is the same 
whether the rim be turned or not ; but for rapid velocities it is 
necessary to turn the rim both inside and outaide for the pur- 
pose of preserving the balance. When a rigger, &c, is out of 
balance, which will generally be the case as it leaves the sand, 
it exerts a violent shaking action on any machine to which it is 
attached, which may be injurious and even destructive. 

(90.) " Boanding Face for Riggers." — Where there is no goide 
lever the snriace should be turned rounding, say to the extent 
of h inch per foot in width of rim ; the effect of this is to cause 
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the strap to keep in the centre notwithstanding slight errors in 
fixing, &c. 

When a rigger is intended to run loose on a shaft, the boss 
should be made very deep, not less than the width of the rim of 
the rigger in most cases, and bushed at both ends or throughout 
with gun-metal. 

(91.) ^^ Weight of Bigger 8 " — The weight of riggers varies very 
much with the proportions adopted and must be calculated in 
each case. But where the proportions are good, and the width 
varies with the diameter in the ratio *^D x 4c = b,ia which D = 
diameter in feet and h = breadth in inches, the weight may be 

D«X 30 
approximately calculated by the rule — /— = W, in which D 

is the diameter in feet and W = the weight in lbs. Table 28 
is calculated by this rule, which agrees very well with ex- 
perience. For riggers of other widths and proportions of arms 
proper allowance must be made for such variations from the 
conditions assumed in the Table. 

Table 28.— Of the Weight of Riggers. 



Diameter. 


Width in 
Inches. 


Weight 


Diameter. 


Width in 
Inches. 


Weight 


ft. in. 




cwt. qrs. lbs. 


ft. in. 




cwt qrs. lbs. 


1 


4 


16 


3 


5i 


1 1 16 


1 3 


4i 


1 14 


3 6 


6i 


13 


1 6 


^ 


1 27 


4 


H 


2 16 


1 9 


4i 


2 14 


4 6 


6| 


2 2 6 


2 


5 


3 1 


5 


4 


3 


2 3 


4 


3 17 


5 6 


7 


3 1 23 


2 6 


1 6 


6 


n 


3 3 21 


2 9 


H 


1 25 


7 


7| 


4 3 23 
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CHAPTER V. 

ON THE PBOPOBTIONS OF KEYS FOB WHEELS AND BI06ER& 

(92.) There are five principal ways in which wheels, &c^ 
may be secured to their places, and they are shown by Figs. 
19-23. There are considerable differences in the relative 
efficiency and costliness of the different modes, and it must be 
left in most cases to the judgment of the engineer to select the 
one which wiU answer his purpose best. 

Fig. 19 is a "hollow key," and is adapted only to tamed 
shafts and bored wheels or riggers which have little work to 
do. The key is sunk into the boss of the rigger and is hollowed 
out to fit the shaft ; it therefore drives only by friction, and is 
seldom used for anything but riggers with very light work. It 
has this advantage over other forms, that it allows the rigger 
to be easily shifted to another position on the shaft, and can 
be made secure at any point without any preparation of key- 
bed, &c. 

Fig. 20 is a " flat key" and is capable of carrying considerably 
more power than the hollow key ; a flat is filed on the shaft to 
receive it, and it is sunk in the boss of the rigger or wheeL 
This is the common mode of fixing all riggers except those of 
the largest size, and may also be used for small wheels that are 
not very heavily loaded. 

Fig. 21 is the *' sunk key," and this is the most useful And 
trustworthy form of key for round shafts where the strain is 
heavy, which is always the case with x>owerful wheels and 
riggers. 

(93.) " Proportions for Sunk Keya^ — The sizes of sunk keys, 
and the depth to which they should be sunk in the shafb and in 
the boss of the wheel or rigger, are governed by the diameter 
of the shaft, but are not in simple proportion to the diameter. 
The following empirical rules are dictated by experience : — 

^+-126 = B; ^-f •16 = T; ^ + -076 = d;, and T — 
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d = d\ in which D = the diameter of the shaft in inches, 
B = the breadth of the key in inches, T = the thickness of the 
key in inches, d =■ the depth sunk in the shaft, measured at the 
side of the key (see Fig. 1), and d' = the depth sunk in the boss 
of the wheel, also measured at the side of the key. Table 29 

Table 29, — Of the Proportions of Sunk Keys for Wheels and 

Riggers. 



Diameter of Shaft, inches 


l-H 


2 


3 


4 


5 


6 


Breadth of Key . . „ 
Thicknesd of Key „ 
Depth sunk in Shaft „ 
Depth sunk in Wheel „ 


t25 
•10 
•15 


^34 

•125 

•215 


^43 
•15 

•28 


•52 

•175 

•315 


•61 
•20 
•41 


H 
•71 

•225 

•485 


Diameter of Shaft, inches 


7 


8 


9 


10 


11 


12 


Breadth of Key .. „ 
Thickness of Key „ 
Depth sunk in Shaft „ 
Deptii sunk in Wheel „ 


H 

•80 
•25 
•55 


•89 

•275 

•615 


2| 
•98 
•30 
•68 


2| 

1-07 
•325 
•745 


1^16 
•35 
•81 


1^25 
•375 
•875 



Note. — The depth sunk in the shaft and in the wheel is measured at 
the side of the key, and not at its centre, see (93) and Fig. 1 ; also the 
scales, Plate 4. 

is calculated by these rules, and the scales in Plate 4 give the 
same particulars by direct measurement. The breadth of the 
key is equal from end to end, but the thickness must be regu- 
lated to give a uniform taper for the purpose of fitting tightly 
in its place. The amount of taper should be about ^th inch 
to a foot in length, and the same must be given to the key- 
seat in the boss of the wheel and not to the key-bed in the 

shaft 

(94.) Fig. 22 shows the plan of hanging a wheel or rigger 

with four keys. It is commonly used for unturned shafts and 

unbored wheels. In tliis case there are four flat key-seats on the 

shaft ; the keys may have the same proportions as in Table 29. 

The space between the shaft and the eye of the wheel allows for 

irregularities in casting, &c., and the exterior circumference of 
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the rigger, or pitch-circle of the wheel, may be adjnsted to run 
truly by regulating the thickness of the keys. The same plan 
is frequently adopted with square shafts, as shown by the dotted 
lines at B in Fig. 22. 

(95.) Fig. 23 gives the mode of fixing a wheel, &c., on a square 
shaft with eight keys. It is undoubtedly the most secure of all, 
and the most reliable where the strains are very great. In fitting 
a wheel on this principle four temporary keys are inserted at 
a, 6, c, d, and by them the pitch-circle of the wheel is truly 
centred. The permanent keys are then accurately fitted with a 
taper of ^th inch to a foot, &c., &c. 

(96.) ^^Key-hoss for Strengthening the Key-way, '* — When a 
key-way is cut in the eye of a wheel or rigger, the boss is 
obviously weakened at that point, and a key-boss is necessary 
to restore the strength. The principles on which this should 
be done are not well understood by many practical millwrights. 
We sometimes see a key-boss like Fig 10, the length of B being 
little greater than the width of the key A ; the result is that 
the key-boss is useless, for the line of fracture a c takes the 
shortest course, as shown by the Figure; and that course is 
obviously not lengthened by the boss B. The length of the 
course of fracture should be at least equal to the ordinary 
thickness of metal round the eye ; in fact, it should be rather 
more, for it is well known that where. there is a sharp comer, as 
at c, which may be regarded as an incipient crack, fracture is 
more likely to ensue than where no such angle is found. It is 
therefore advisable to make the shortest distance from c— say 
^ inch more than the thickness of metal round the eye. The 
key-bosses in the wheel and pinion (Fig. 7) are drawn on these 
principles, by taking a radius ^ inch greater than the thick- 
ness of the boss and from the corner of the key, drawing the 
arcs o j? and q r, and completing the key-boss by drawing the 
arc j? 3 with the radius j? w. 



APPENDIX. 



" Contraction of Wheels in Gasti'ng,'^ — The contraction which 
metals experience in cooling down from their melting-points to 
ordinary temperatures is very considerable, and allowance has 
to be made for it in fixing the size of the pattern. The con- 
traction of straight bars, such as girders, &c., is tolerably 
regular, and in the case of cast iron it is very nearly \ inch to 
a foot ; but with wheels it is not so much, and is found by expe- 
rience to be irregular and anomalous. This is shown by the 
following Table from my * Treatise on Heat.' 





Pitch In 
inches. 


Width of 

Teeth in 

Inches. 


OONTRACXIOW. 


Extreme " 

Diameter of 

Wheel-Casting. 


Total in 
Inches. 


Per Foot 




Of Casting. Of Pattern. 


ft. in. 

10 2f 
6 2^^ 
6 1| 

5 5^ 
2 IH 

2 4i| 


3J 
3i 
3i 
3* 
3* 
3J 


12 
9 
11 
11 
12 
9 


1-08 
•54 
•375 
•345 
•11 
•115 


inches. 
•1059 
•0893 
•0613 
•0631 
•03896 
•0397 


inches. 

•1040 

•0886 

•0610 

•0628 

•03884 

•0396 



The irregularities in the apparent contraction arise in great 
part from the practice of *' rapping " the pattern in the sand to 
make it an easy fit and enable it to be drawn out with facility. 
This is most influential in the case of small, heavy wheels of 
great width on the face ; in some cases, and in rough hands, the 
casting of a small and wide pinion may be quite the full size of 
the pattern. The allowance to be made is therefore not uni- 
form, but must be fixed by judgment ; y^^ inch to a foot will do 
for wheels whose width on the face in inches is equal to their 
diameter in feet ; when the width in inches is twice the diameter 
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in feet, saj ^ incli to a foot ; when the width in inches is four 
times the diameter in feet, b&j ^ inch to a foot, &c., &c. For 
the width, the allowance may be imiformly •}- inch per foot. 

^^ Strength of Shafts, dc, for Screw-^ropeUers.^* — The rules given 
in this work would apply with approximate correctness to pro- 
peller-shafts. For instance, in the case (3) where we had a pair 
of engines of 4000 nominal horse-power, by the rule (61) fo^ 
conimon shafts we should require with 72 revolutions a wroiight- 

iron shaft ( =^ ) '^ = 20f inches diameter ; the real 

diameter, by Table 30, was 19J inches, and generally large 

propeller-shafts are somewhat smaller than that rule would give. 

There is some uncertainty in fixing the nominal horse-power of 

marine engines (see page 3), which has always to be estmaied 

from the known gross indicated power. It will therefore b^ 

better to put the rule into another form, adapting it to the groift 

indicated power, and obtaining constants from propeller-shafle 

in practice. r 

M X G 
The rule may take the form — = — = <? ' ; in which G =- 

gross indicated horse-power, including of course the friction, 
&c., of the engine and shaft, &c. ; B = revolutions per minute ; 
and M a constant obtained from satisfactory cases in practice by 



the rule 



G 



M; its mean value may be taken at 65; 



its true value is given for several cases by Table 30. Taking 



Table 30. — Of the Diameter of Propeller-Shafts in Practice, 



No. 


Reputed 
Horse- 
power. 


O'lserved 
Indicated 
Gross 
Horse- 
power. 


Reduced 
Estimated 

Nominal 
Horse- 
power, 


No. of 
Engiue. 


Revo- 
lutions 

per 
Minute. 


Actual 
Diameter. 


Calculated 
Diameter. 


Value 
of M. 


MakerL 


1 


1200 


8000 


4000 


2 


72 


inches. 
19} 


inches. 
19| 


69 


Pexm. 


2 


700 


4100 


2050 


2 


58 


16 


16| 


58 


Humphiej 


3 


400 


1400 


700 


2 


58 


111 


IH 


61 


Bennie. 
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the mean value of M at 65 for two engines coupled at right 

66 X 1*57 
angles, it would become — =-ppj — = 92 for a single engine, and 

5»21^ . 61 ^ ^ »^- ^* »^ e,™n, aiviai., 

the cirde. See Theoretical Strength of Shafts, below. 

^W?ieel-geanng to Screw-propeUers" — ^Where wheels are used, 
their strength may be calculated hj the ordinary rules in 
(37), &c., only it should be remembered that there being no fly- 
wheel to equalize the varying power of the pistons, the maxi- 
mum strain should be taken as we have just shown to be necessary 
iQ the case of shafts. Thus, in the case No. 3 of Table 30, 
mortic&-wheels, in the ratio of 2 to 1, were used, the large one 
being 14 feet diameter, 4 inches pitch, 48 inches wide on the 
&oe (in four sets of teeth, each 12 inches wide), 29 revolutions 
per minute. The mean nominal power was 700 horse ; the maxi- 
mum, therefore, would be 700 x I'll = 777 nominal horse- 
power. By the rule in (37) the calculated power would be 

V 14 X 29 X 16 X 48 X '05 = 773 nominal horse-power. 

" On the Theoretical Strength of Shafta^—Wi^ a lever 1 foot 
radius, the mean torsional strength of a bar 1 inch diameter is 
700 lbs. for wrought iron, and 450 lbs. for cast iron, breaking- 
weights. The safe working-strain may be taken at -^th of the 
breaking-weight, and the circumference of a circle 1 foot radius 
being 6*28 feet, we have for wrought iron 70 x 6*28 = 440 
foot-pounds per revolution for a shaft 1 inch diameter. 

In applying this to steam-engine shafts, it should be observed 
that with a single engine the maximum strain is 1 * 57 times the 
mean strain, see (51) ; with two engines, coupled at right angles, 
1 * 11 to 1 ; and with three engines, 1 * 05 to 1. Taking the case 
of the engine in (3), we have 6000 nett indicated horse-power, 

which, with 72 revolutions, is equal to =^ = 2750000 

foot-pounds mean strain, or, with two engines, 2750000 x I'll 
= 3052500 foot-pounds per minute, and we should require a 

o 



164 inches diameter. In the case 



'^ 
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wrouglit-iron shaft ( — ) -^ = l^i inches diameter. The 

real diameter as made by Penn was 19f inches, as in Table 80. 

In the case No. 2 of that Table, the nett indicated power would 

be 2050 X 1*5 = 3075 horse-power, and the shaft should be 

/ 3075x 33000 x 1-11 \ ^_ 

V 58x440 y"^" 

No. 3 we have 700 x 1 ' 5 = 1060 nett indicated horse-power, 

^ • X. jf^ /1050 X 33000 X 1-11\ ,, m . . 
and require a shaft ( -^ jjjr 1 ^ = Hi mches 

diameter, &c. These sizes agree well with practice. See 

Table 30. 

By the rules in (51) a common wrought-iron shaft, 1 inch 

diameter, and one revolution per minute, would be equal to 

18 X 1 
^^. = '00625 nominal horse-power; and as by (2) the nett 

indicated horse-power is 1 * 5 times the nominal, this is equal to 

• 00625 X 1 • 5 X 33000 = 309 foot-pounds per revolution ; so 

that for common shafts, driving ordinary machinery, the safe 

309 

working-strain is -777^ tti = '07, or i^rth of the breaking or 

4.40 X 10 

crippling strain ; but with screw-propeller shafts, and in other 

cases where the work is regular, the working-strain may be as 

much as -j^th of the breaking-strain. 

Professor Bankine has recently shown that the weight of the 

shaft itself creates a strain, which so fiSiX coincides with that 

produced by torsion, as to require in ordinary cases about 

11 per cent, extra strength in the shaft;, and with that addition 

he calculates that a shaft carrying 5500 nett indicated hoTBe- 

power, with fifty-four revolutions, should be 17*21 iileheB 

diameter. But he takes the working strain at ^th to ^th the 

breaking weight, which is certainly too high : by the rules just 

, /5500 X 33000 X 1 -llx ,, oa • 1. ^- * 

given we have ( rr 777^ I ^ = 20 mches diameter 

\ 54 X 440 / 

for the torsional strain alone. 
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